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"  VThe  results  obtained  during  a  three-year  program  of  thermochemical  studies 
of  gaseous  inorganic  metal  compounds  are  summarized  in  this  report.  The  metal 
compounds  studied  were  primarily  the  fluorides,  oxides,  and  oxyfluorides  of  the 
transition  and  lanthanide  metals,  potential  hot  corrosion  products  and/or 
reaction  products  of  chemical  pumping  steps  in  potential  lasing  processes. 
Specific  chemical  systems  studied  were  the  gaseous  fluorides  of  Mo,  Ta,  Zr ,  B, 
Sc,  Y,  La,  Ni,  Sm,  Eu,  and  Tm;  the  oxides  of  Lu  and  Tm;  and  the  oxyfluorides  of 
Ta  and  W.  Derived  thermochemical  data  include  the  standard  enthalpies  of  forma- 
I  tion,  bond  dissociation  energies,  ionization  energies,  and  in  most  cases  abso- 
t  lute  entropy  data  that  can  be  used  to  check  the  assignment  of  spectroscopic  and 
molecular  constants;  the  latter  proved  to  be  particularly  important  for  the 
scandium  group  lanthanide  group  metal  compounds,  which  have  large  but  uncertain 
electronic  contributions  to  the  entropy  and  Gibbs  energy  function.  The  entropy 
and  enthalpy  data  can  be  used  together  to  evaluate  the  equilibrium  behavior  of 
these  systems  over  wide  temperature  ranges.  Bond  dissociation  energy  data  for 
the  scandium-group  and  lanthanide  fluorides,  which  have  sufficient  ionic  bond¬ 
ing  for  valid  comparisons,  correlate  well  with  the  predictions  of  the  polariza¬ 
ble  ion  model,  providing  further  corroboration  for  the  usefulness  of  this  model 
Ln  generating  thermochemical  data  for  species  not  studied  experimentally.  The 
:hermochemical  data  for  the  tantalum  fluorides  provide  a  clear  explanation  for 
:he  observed  resistance  of  tantalum  to  attack  by  fluorine  at  high  temperatures 
and  low  pressures. 
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ABSTRACT 

The  results  obtained  during  a  three-year  program  of  thermochemical 
studies  of  gaseous  inorganic  metal  compounds  are  summarized  in  this 
report.  The  metal  compounds  studied  were  primarily  the  fluorides,  oxides, 
and  oxyfluorides  of  the  transition  and  lanthanide  metals,  potential  hot 
corrosion  products  and/or  reaction  products  of  chemical  pumping  steps  in 
potential  lasing  processes.  Specific  chemical  systems  studied  were  the 
gaseous  fluorides  of  Ho,  Ta,  Zr,  B,  Sc,  Y,  La,  Ni,  Sm,  Eu,  and  Tm;  the 
oxides  of  Lu  and  Tm;  and  the  oxyfluorides  of  Ta  and  W.  Derived  thermo¬ 
chemical  data  include  the  standard  enthalpies  of  formation,  bond  dissocia¬ 
tion  energies,  ionization  energies,  and  in  most  cases  absolute  entropy 
data  that  can  be  used  to  check  the  assignment  of  spectroscopic  and  molecu¬ 
lar  constants;  the  latter  proved  to  be  particularly  important  for  the 
scandium  group  and  lanthanide  group  metal  compounds,  which  have  large 
but  uncertain  electronic  contributions  to  the  entropy  and  Gibbs  energy 
function.  The  entropy  and  enthalpy  data  can  be  used  together  to  evalu¬ 
ate  the  equilibrium  behavior  of  these  systems  over  wide  temperature  ranges. 
Bond  dissociation  energy  data  for  the  scandium-group  and  lanthanide 
fluorides,  which  have  sufficient  ionic  bonding  for  valid  comparisons, 
correlate  well  with  the  predictions  of  the  polarizable  ion  model,  pro¬ 
viding  further  corroboration  for  the  usefulness  of  this  model  in  gener¬ 
ating  thermochemical  data  for  species  not  studied  experimentally.  The 
thermochemical  data  for  the  tantalum  fluorides  provide  a  clear  explana¬ 
tion  for  the  observed  resistance  of  tantalum  to  attack  by  fluorine  at 


high  temperatures  and  low  pressures. 
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Research  Objectives 

The  objective  of  this  program  is  to  provide  reliable  thermochemical 
data  [enthalpies,  entropies,  and  Gibbs  energies  of  formation,  bond  dis¬ 
sociation  energies  (BDB) ,  ionization  energies]  for  high  temperature  chemi¬ 
cal  species  of  interest  in  aerospace  technological  applications.  Data 
of  this  type  are  used  by  the  engineer,  scientist,  and  designer  concerned 
with  the  analysis  of  a  variety  of  processes  such  as  combustion,  chemical 
corrosion,  propulsion,  and  chemically  pumped  lasing  reactions.  Sophisti¬ 
cated  computer  codes  based  on  both  equilibrium  and  nonequilibrium  chem¬ 
istry  have  been  developed  for  the  parametric  analysis  of  a  number  of 
such  processes,  but  the  lack  of  basic  molecular  property  data  as  well  as 
the  lack  of  reliable  methodologies  for  estimating  these  properties  often 
make  the  results  of  these  computations  highly  uncertain  and  of  dubious 
value. 

In  this  program,  we  have  been  concerned  primarily  with  the  genera¬ 
tion,  identification,  and  thermochemical  characterization  of  techno¬ 
logically  relevant  gaseous  compounds  of  the  metals  for  which  information 
is  missing,  incomplete,  or  conflicting.  A  secondary  goal  is  the  corre¬ 
lation  of  the  results  with  the  predictions  of  various  chemical  bonding 
models  so  that  significantly  improved  schemes  for  making  molecular 
property  estimates  can  be  developed.  The  recurring  demands  for  such 
data  always  exceed  the  capabilities  of  the  scientific  community  for 
producing  new  experimental  results,  so  that  the  development  of  reliable 
models  for  both  present  and  future  use  is  quite  important. 

During  the  last  year  of  the  program,  we  have  investigated  gaseous 
fluorides  of  boron  and  zirconium,  and  gaseous  oxyfluorides  of  tantalum 
and  tungsten.  These  species  are  potential  products  of  the  corrosive 
interaction  of  fluorine  and  its  compounds  with  structural  materials 
such  as  lanthanum  hexaboride,  zirconia,  zirconium  boride,  and  the 
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refractory  metals  tantalum  and  tungsten.  Materials  in  this  group  have, 
for  example,  been  considered  for  service  in  combustion-driven  HF  and  DF 
lasers,  in  which  structural  members  are  exposed  to  atomic  and  molecular 
fluorine  at  temperatures  of  1500  to  2000  K.  The  results  of  the  thermo¬ 
chemical  studies  can  be  used  with  appropriate  kinetic  models  such  as  the 
quasi-equilibrium  model  of  gas-solid  reactions^"  to  estimate  the  degree 
of  corrosive  interaction  and,  therefore,  the  suitability  of  these  materi¬ 
als  under  the  required  conditions.  The  thermochemical  results  are 
summarized  below. 

Technical  Approach 

The  primary  experimental  technique  utilized  in  this  work  has  been 
high  temperature  mass  spectrometry.  Our  magnetic  deflection  instrument 
and  high  temperature  beam  source  arrangement,  together  with  the  experi¬ 
mental  procedure  and  data  treatment  methods,  have  been  described  in  the 
literature.  ’  The  accuracy  of  the  pyrometric  temperature  measurement, 
a  critical  parameter  in  thermochemical  studies,  is  checked  routinely 
by  calibration  against  a  laboratory  standard  lamp.  Preliminary  measure¬ 
ments  to  check  the  reaction  chemistry  on  some  of  the  systems  reported 
here  were  made  with  a  similarly-equipped  quadrupole  mass  filter,  but 
all  of  the  final  equilibrium  measurements  were  obtained  with  the  magnetic 
instrument.  The  performance  of  the  magnetic  spectrometer  has  been  sub¬ 
stantially  upgraded  in  the  last  year  by  installation  of  a  faster  pumping 
system  on  the  effusion  source  chamber  and  by  installation  of  an  electrically 
driven  tuning  fork  for  modulation  of  the  neutral  effusion  beam  to  im¬ 
prove  sensitivity  for  permanent  gases  by  synchronous  detection. 

Equilibrium  vapor  pressures  were  determined  by  the  torsion-effusion 
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method,  as  described  previously.  ’  The  performance  of  the  torsion 
apparatus  is  checked  periodically  with  a  vapor  pressure  standard,  and  the 
absolute  pressures  are  estimated  to  be  accurate  to  within  five  percent. 

Slope  data  normally  have  an  accuracy  of  about  one  percent. 
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Results 


Many  of  the  results  obtained  from  this  research  program  have  already 
been  published  in  scientific  journals  and  need  not  be  recounted  here. 
These  include  studies  of  the  Mo-F,  Ta-F,  B-F,  Lu-O,  Tm-O,  Sm-F,  Eu-F, 
and  Tm-F  systems,  along  with  papers  on  calculational  methods  and  ex¬ 
perimental  technique.  Reprints  of  these  papers  are  given  in  Appendices 
to  this  report.  Other  results  not  yet  published  are  summarized  below. 

A.  Scandium  Yttrium  and  Lanthanum  Fluorides 

Extensive  second  law  measurements  of  gaseous  equilibria  involving 
the  MF,  MF2,  and  MF3  species  were  made  using  Ba  and  BaF  as  reaction 
partners.  Effusion  beams  of  the  desired  composition  were  generated  by 
fluorination  of  the  pertinent  metals  with  SF^  or  other  metal  fluorides, 
or  by  partial  reduction  of  the  IIIB  metal  trifluorides.  The  gaseous 
beam  species  were  unambiguously  identified  from  ionization  threshold 
appearance  potentials,  and  equilibrium  data  were  evaluated  from  ion 
abundances  measured  with  low  energy  electrons.  The  vaporization  thermo¬ 
dynamics  of  the  trifluorides  were  also  studied  by  the  torsion-effusion 
method . 

A  summary  of  the  gaseous  reactions  studied  and  the  derived  enthalpy 
and  bond  dissociation  energy  (BDE)  data  are  given  in  Table  I.  Data  for 
the  one  Sc-Ba-F  reaction  studied  here  were  coupled  with  similar  second 
law  results  reported  previously^*  for  reactions  involving  Sc,  ScF,  and 
ScF2  species  to  evaluate  the  BDE's  listed  in  Table  I.  Our  results  for 
the  Sc-F  system  and  some  of  those  for  the  Y-F  system  are  in  fair  agree¬ 
ment  with  the  BDE  values  reported  by  Zmbov  and  Margrave7,  which  are 
uncertain  by  6-10  kcal/mole,  but  the  new  data  indicate  Dg(YF)  to  be 
about  20  kcal/mole  larger.  And  the  new  BDE  data  for  the  La-F  species 

Q 

differ  by  10-20  kcal/mole  from  previous  estimates  in  the  literature. 

From  reasonably  complete  spectroscopic  and  structural  data,  the 
entropies  and  other  thermodynamic  functions  of  the  MF,  MF2,  and  MF3 
gaseous  species  were  calculated,  exclusive  of  the  electronic  contribu¬ 
tions,  which  are  uncertain  or  unknown  for  all  but  perhaps  the  MF^  species. 
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It  is  expected  that  the  valence-saturated  MF3  species  would  have  singlet 
electronic  ground  states  and  no  significant  low-lying  states,  but  this  is 
not  certain.  These  calculated  entropies  were  then  compared  with  experi¬ 
mental  second  law  entropies  of  the  metal  fluoride  species  evaluated 
from  the  secure*- e  reaction  thermochemistry  summarized  in  Table  I,  plus 
the  earlier  data  for  ScF  and  ScF2.^  The  experimental  entropies  of  the 
ScF,  YF,  and  LaF  diatomic  species  are  all  larger  than  those  calculated 
from  the  translational,  rotational,  and  vibrational  contributions;  these 
differences  are  believed  to  be  due  to  the  presence  of  low-lying  A  states 
in  the  ScF-YF-LaF  series.  The  entropy  comparisons  indicate  the  energies 
of  these  ^A  states  to  be  approximately  500  to  1000  cm  ^  in  ScF,  2500  cm'^ 
in  YF,  and  4000  cm~^  in  LaF. 

Actually  the  experimental  entropy  of  ScF  at  2100  K  agrees  to  within 

0.5  cal/deg  mol  with  that  calculated  from  the  low-lying  state  assignments 

X  ^E,  ^A  (T  =  461  cm--*-),  and  ^A  (Tg  =  2612  cm-^)  derived  from  ab  initio 
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calculations  by  Carlson  and  Moser,  and  suggested  by  the  analysis  of 

Brewer  and  Green. ^  And  the  indications  from  the  entropy  data  of  an 

increasing  separation  of  the  X  and  ^A  states  in  going  from  ScF  to 

YF  to  LaF  are  in  accord  with  the  photoluminescence  results  of  Broida 
11  12 

and  co-workers  ’  on  the  low-lying  states  of  the  isoelectronic  molecules 
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TiO  and  ZrO;  these  studies  ’  showed  the  energy  increments  of  these 

states  above  ground  to  increase  in  going  down  the  series  from  TiO  to  ZrO. 

13 

Likewise,  the  analysis  of  Weltner  and  McLeod  indicates  that  this 
separation  increases  still  further  in  going  from  ZrO  to  HfO. 

Electronic  entropies  of  the  order  of  several  cal/deg  mole  at  2200  K 
are  also  indicated  for  SCF2  and  YF2,  while  the  experimental  entropies  of 
LaF2  and  the  metal  trifluoride  species  are  compatible  with  those  calcu¬ 
lated  solely  from  the  translational,  rotational,  and  vibrational  con¬ 
tributions.  The  entropy  data  provided  by  these  second  law  measurements 
are  especially  valuable,  since  they  provide  the  additional  information 
needed  in  evaluating  the  high  temperature  equilibrium  behavior  of  chemi¬ 
cal  systems  in  many  technological  and  engineering  applications. 
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The  equilibrium  vapor  pressures  of  crystalline  ScF3,  YF^,  and  LaF3 
were  measured  by  the  torsion-effusion  method  using  graphite  effusion 
cells,  with  the  following  results: 

ScF3(s):  log  P(atm)  =  9.310  -  (19000/T)  (1220  to  1400  K) 

YF3(s):  log  P(atm)  =  8.890  -  (20750/T)  (1350  to  1430  K) 

LaF3(s):  log  P(atm)  =  9.510  -  (21620/T)  (1330  to  1500  K) 

Absolute  pressures  are  estimated  to  be  accurate  within  ten  percent;  there 
is  considerable  scatter  among  data  in  the  literature,  but  the  new  results 
will  clarify  the  issue  and  will  be  useful,  for  example,  in  quantitatively 
evaluating  the  thermal  stability  of  protective  films  of  the  solid  and 
liquid  trifluorides  on  substrates  containing  Sc,  Y,  and  La. 

For  ScF,  YF,  and  LaF,  where  the  internuclear  distances  are  known 
accurately,  dissociation  energies  predicted  by  the  Rittner  electrostatic 
bonding  model  using  reasonable  M+  ion  polarizabilities  are  in  good  agree¬ 
ment  with  the  experimental  values.  Using  this  ionic  model,  the  calculated 
value  for  YF3  (where  the  internuclear  Y-F  distance  has  been  determined  by 
electron  diffraction)  also  agrees  well  with  the  experimental  heat  of 
atomization.  Lack  of  adequate  data  on  bond  distances  precludes  extension 
of  the  Rittner  model  to  the  other  Sc,  Y,  and  La  species.  Estimated  bond 
distances  of  uncertain  accuracy  are  of  no  help  here;  a  change  of  only 
3.5%  in  the  estimated  La-F  distance  in  LaF3,  for  example,  leads  to  a 
difference  of  30  kcal/mole  in  the  calculated  binding  energy.  The  com¬ 
parison  between  calculated  and  measured  dissociation  energies  underlines 
the  extreme  usefulness  of  the  Rittner  model  in  estimating  thermochemical 
data,  but  at  the  same  time  points  up  the  sensitivity  of  the  calculated 
values  to  the  quality  of  the  input  parameters  such  as  internuclear 
distance.  A  more  complete  discussion  of  the  ionic  model  calculations 
is  given  in  Appendix  C. 

Attempts  to  corroborate  the  equilibrium  thermochemical  data  by  means 
of  electron  impact  measurements  on  the  trifluorides  were  unsuccessful 
because  an  unexpected  low  energy  process  obscured  the  threshold  for 
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the  major  dissociative  process  MF^  +  e  ->  MF^  +  F  +  2e.  This  additional 
low  energy  process  is  believed  to  be  the  ion  pair  process  MF2  +  e  -• 

MF^  +  F~  +  e,  since  the  negative  ion  F_  was  detected  along  with  ScF^ 
in  the  studies  of  ScF^,  and  the  threshold  energy  is  compatible  with  this 
interpretation.  The  intensity  of  the  low  energy  tail  on  the  MF2  ion 
yield  curve  was  strongest  for  YF2,  and  weakest  for  LaF2* 

B .  Nickel  Fluorides 

Reaction  equilibria  involving  gaseous  NiF  and  NiF2  were  studied  by 
mass  spectrometry,  using  Cu  and  CuF  as  reaction  partners.  Beams  of  the 
appropriate  composition  were  generated  by  the  reaction  of  NiF2  vapor 
with  a  Cu-Ni  alloy.  The  reactions  studied  and  the  derived  thermochemical 
data  are  summarized  in  Table  II.  There  are  no  previous  thermochemical 
determinations  on  NiF;  the  new  experimental  value  of  D(NiF)  is  5  to 
20  kcal/mole  higher  than  estimates  that  have  appeared  in  the  literature. 
The  second-law  reaction  entropy  data  are  consistent  with  ^tt  and  i>  elec¬ 
tronic  ground  states  for  NiF  and  MF2,  respectively.  These  ground  state 
configurations  lead  to  electronic  entropies  of  2.8  and  3.6  cal/deg  mole, 
and  the  inclusion  of  these  terms  yields  calculated  entropies  agreeing 
to  within  one  cal/deg  mole  with  the  experimental  entropies. 

C.  Zirconium  Fluorides 

The  gaseous  species  ZrF^,  ZrF2,  ZrF2,  and  ZrF,  along  with  Zr,  Ba, 

and  BaF  were  generated  from  an  equilibrium  effusion  beam  source  by  the 

the  reaction  of  BaF2  vapor  with  Zr  powder  or  sheet.  After  the  species 

were  carefully  characterized  from  their  ionization  threshold  energies, 

several  series  of  equilibrium  measurements  were  made  over  wide  temperature 

ranges  by  means  of  mass  spectrometry,  using  ion  intensities  measured  at 

low  electron  energies  to  evaluate  neutral  species  abundances.  Results 

are  summarized  in  Table  III;  as  can  be  seen,  third  law  enthalpies  evalu- 

14 

ated  from  thermodynamic  functions  in  the  JANAF  Tables  are  in  fairly 
good  agreement  with  the  second  law  values,  indicating  that  estimated 
spectroscopic  constants  of  ZrF2,  ZrF2,  and  ZrF  are  reasonable.  At 
present  the  second  law  values  are  preferred,  and  derived  data  are  based 
on  these. 
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The  derived  bond  dissociation  energies  in  Table  III  vary  between  148 
and  166  kcal/mole  and  their  sum,  631  +  6  kcal/mole,  is  in  reasonable 
agreement  with  the  heat  of  atomization  620  +  2  calculated  from  the  enthalpy 
of  formation  of  ZrF^(s)  and  the  enthalpy  of  sublimation  of  ZrF^(g). 

Derived  thermochemical  data  for  gaseous  ZrF,  ZrF2»  and  ZrF^  differ  by  5-6 
kcal/mole  from  JANAF  Table  values  based  on  early  preliminary  work,  but  the 
new  results  are  considered  to  be  much  more  reliable,  and  they  allow  the 
gaseous  thermochemistry  of  the  Zr-F  system  to  be  defined  clearly. 

D.  The  Ta-O-F  System 

In  previous  studies,  Zrabov  and  Margrave^  investigated  gas-solid 
equilibria  involving  TaOF^Cg)  and  used  the  results  to  derive  thermo¬ 
chemical  data  for  this  species  and  an  estimate  for  TaOF2(g).  Since 
oxyfluorides  of  this  type  are  quite  stable  and  will  be  prominent  when 
oxygen  or  water  impurities  are  present  in  Ta-F  systems,  we  carried  out 
additional  equilibrium  studies  of  Ta-O-F  species  by  fluorinating  a  solid 
mixture  of  Ta205,  Si02,  and  Ta  with  a  gaseous  mixture  of  SF^  and  SiF^. 

At  cell  temperatures  above  2000  K,  the  gaseous  species  involved  in  the 
reaction  equilibria 

TaOF3(g)  +  SiF(g)  =  TaF4(g)  +  SiO(g)  (1) 

TaOF2(g)  +  SiF(g)  =  TaF3(g)  +  SiO(g)  (2) 

were  clearly  identified,  and  equilibrium  measurements  were  made  over  the 
range  2024  to  2306  K  by  mass  spectrometry,  with  the  second-law  results 
shown  in  Table  IV.  Standard  enthalpies  of  formation  and  bond  dissociation 
energies  of  the  Ta-O-F  species  were  derived  as  shown.  The  accuracy  of 
these  thermochemical  values  is  on  the  order  of  +  5  kcal/mole,  due  to 
uncertainties  in  the  data^’^  for  SiF,  SiO,  TaF^,  and  TaF^ ,  as  well 
as  uncertainties  in  the  equilibrium  data. 

To  aid  in  carrying  out  high  temperature  equilibrium  calculations 
involving  the  Ta-O-F  species,  the  possibility  of  estimating  the  thermo¬ 
dynamic  functions  of  Ta0F3  and  TaOF2  was  explored.  It  seemed  reasonable 
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to  assume  that  the  vibrational  contributions  to  the  functions  of  TaOF^ 
and  TaOF2  would  approximate  those  of  TaF^  and  TaF^,  respectively,  and 
that  the  rotational  contributions  would  differ  mainly  in  the  symmetry 
factors:  TaOF^  (C^v) ;  TaF^  (T^);  TaF^  ;  and  TaOF2  (C2V).  Also  the 

estimated  electronic  statistical  weights  would  be  one  for  TaOF^  and 
TaF^,  and  two  for  TaOF9  and  TaF^.  With  these  assumptions  and  the  estimated 
functions  for  TaF3  and  TaF^  shown  previously  to  be  in  accord  with  the 
equilibrium  data,^  values  for  TaOF^  and  TaOF2  were  estimated  as  noted 
above.  The  resulting  third  law  enthalpies,  shown  in  Table  IV,  are  in 
fair  agreement  with  the  second  law  values,  indicating  that  thermodynamic 
functions  of  TaOF^  and  TaOF2  so  estimated  can  be  used  effectively  in 
practical  equilibrium  calculations. 

The  derived  bond  dissociation  energies  DfF^Ta-O)  and  D(F2Ta-0) 
given  in  Table  IV  are  intermediate  between  the  values  D(Ta-O)  =  200  +  15 

1A 

kcal/mole  and  D(OTa-O)  =  15A  +  15  kcal/mole  taken  from  the  JANAF  Tables. 
Likewise  the  derived  BDE  D(0F2Ta-F)  is  comparable  to  the  values  D(F2Ta-F) 

=  1AA  kcal/mole,  D(F3Ta-F)  =  130  kcal/mole,  and  D(F4Ta-F)  =  138  kcal/mole* 
Corresponding  BDE  values  in  the  Ta-O-F  species  thus  appear  quite  reason¬ 
able,  and  one  can  extend  the  analysis  to  estimate  data  for  TaOF  as 
shown  in  Table  IV.  The  derived  standard  enthalpy  of  formation  of  TaOF3(g) 
corroborates  the  values  -315  +  10  kcal/mole  and  -321  +  10  kcal/mole 
recalculated  from  the  equilibrium  data  of  Zmbov  and  Margrave^"*  with 
more  recent  auxiliary  information. 

E.  The  W-O-F  System 

For  reasons  similar  to  those  underlying  the  Ta-O-F  studies,  new  in¬ 
vestigations  were  undertaken  to  characterize  significant  gaseous  species 
in  the  W-O-F  system.  Here,  too,  Zmbov,  Uy,  and  Margrave^  have  studied 
reaction  equilibria  involving  gaseous  WOF^  and  WO2F2,  and  reported  thermo¬ 
chemical  data  for  these  species.  We  have  now  extended  this  work  by 
examining  several  gaseous  equilibria  involving  WO2F2,  and  the  additional 
species  WOF^,  WOF2,  and  WOF.  This  work  again  was  carried  out  by  high 
temperature  mass  spectrometry;  the  species  were  identified  primarily 
from  their  ionization  threshold  energies,  and  equilibrium  data  were 


l 
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obtained  with  low-energy  ionizing  electrons  using  GeO,  GeF,  and  several 
of  the  W-F  species  as  reaction  partners.  The  equilibrium  mixtures  were 
generated  by  reaction  of  WF£<g)  containing  a  WOF^(g)  impurity  with 
GeC>2(s)  and  W(s)  in  a  tungsten  effusion  cell.  It  was  not  possible  to 
generate  sufficiently  strong  signals  over  the  wide  temperature  range  re¬ 
quired  for  reliable  second  law  analysis,  so  that  results  were  derived 
entirely  from  third  law  analysis.  The  preceding  work  on  TaOF^  and  TaOF2 
shows  that  the  systematic  approach  used  there  in  estimating  the  thermo¬ 
dynamic  functions  of  the  M-O-F  species  is  reasonable,  so  that  the  derived 
third  law  reaction  enthalpies  are  estimated  to  be  accurate  to  within 
3  kcal/mole.  Results  are  summarized  in  Table  V.  Data  for  the  reference 

compounds  GeO  and  GeF  used  in  analyzing  the  data  were  taken  from  refer- 

19 

ence  18,  while  those  for  the  W-F  species  are  from  our  earlier  work. 

The  various  W-0  ard  W-F  BDE's  derived  for  the  W-O-F  species  again 

appear  reasonable  when  compared  to  the  values  D(02W-0)  *  148  kcal/mole, 

D(OW-O)  *  143  kcal/mole,  and  D(W-O)  =  161  kcal/mole  evaluated  from  data 

14 

in  the  JANAF  Tables.  and  to  values  for  the  corresponding  W-F  species 

19 

ranging  from  106  to  120  kcal/mole.  The  observed  trends  permit  one  to 
make  a  reliable  estimate  of  DCF^W-O)  and,  therefore,  of  the  standard 
enthalpy  of  formation  of  WOF^(g),  not  observed  in  this  work.  Thermo¬ 
chemical  properties  of  gaseous  W°2F2  anc*  W0F4  derived  from  this  work 
differ  from  some  of  the  earlier  values  by  significant  amounts,  but 
the  present  results  are  believed  to  be  more  reliable,  and  all  of  the 
new  data  together  can  be  used  to  define  the  equilibrium  vapor  phase 
chemistry  of  the  W-O-F  system. 

F.  The  La-O-F  System 

Possible  vapor  species  in  the  L^O^-LaF^  system  were  investigated 
by  vaporizing  a  mixture  of  these  two  phases  from  a  Knudsen  cell  and 
examining  the  vapor  by  quadrupole  mass  spectrometry.  No  gaseous  species 
other  than  LaF^  could  be  detected,  and  it  is  concluded  that  gaseous 
oxyfluorides  are  not  of  importance  in  this  system. 
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Derived  Standard  Enthalpies  of  Formation 


The  thermochemical  results  of  primary  interest  in  these  studies, 
the  standard  enthalpies  of  formation,  are  summarized  in  Table  VI.  This 
table  serves  as  a  summary  of  those  systems  studied  successfully  during 
the  program. 


Professional  Personnel 

The  professional  personnel  associated  with  the  program  were  the 
following : 

Dr.  D.  L.  Hildenbrand,  Senior  Research  Scientist 
(Principal  Investigator) 

Dr.  K.  H.  Lau,  Materials  Chemist 
Dr.  R.  D.  Brittain,  Postdoctoral  Chemist 
Dr.  P.  D.  Kleinschmidt ,  Postdoctoral  Chemist 
Dr.  R.  H.  Lamoreaux,  Materials  Chemist 


Publications 

In  addition  to  the  seven  publications  shown  in  the  Appendices,  the 
following  additional  manuscripts  are  planned  or  are  in  preparation: 

"Mass  Spectrometric  Studies  of  the  Thermochemistry  of  the  Scandium, 
Yttrium,  and  Lanthanum  Fluorides,"  by  P.  D.  Kleinschmidt,  K.  H.  Lau, 
and  D.  L.  Hildenbrand,  to  be  submitted  to  the  Journal  of  Chemical 
Physics. 

"Dissociation  Energies  of  NiF  and  NiF2,"  K.  H.  Lau  and  D.  L. 
Hildenbrand,  to  be  submitted  to  High  Temperature  Science. 

"Thermochemical  Characterization  of  the  Gaseous  Zirconium  Fluorides 
by  Mass  Spectrometry,"  by  K.  H.  Lau  and  D.  L.  Hildenbrand,  to  be 
submitted  to  the  Journal  of  Physical  Chemistry. 

"Thermochemistry  of  the  Gaseous  Oxyfluorides  of  Tantalum  and 
Tungsten,"  by  R.  D.  Brittain,  K.  H.  Lau,  and  D.  L.  Hildenbrand, 
to  be  submitted  to  the  Journal  of  the  Electrochemical  Society. 
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THERMOCHEMISTRY  OF  Ni-F  REACTIONS  AND  DERIVED  RESULTS 


13 


THERMOCHEMISTRY  OF  Zr-F  REACTIONS  AND  DERIVED  DATA 


Calculated  with  thermal  functions  from  JANAF  Tables 


REACTION  THERMOCHEMISTRY  AND  DERIVED  THERMOCHEMICAL  DATA 
FOR  Ta-O-F  SPECIES 
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Table 


16 


(F„OW-F)  104. 


Table  VI 


DERIVED  STANDARD 

ENTHALPIES 

OF  FORMATION 

(kcal/mole) 
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The  thermodynamic  stability  of  gaseous 
molybdenum  pentafluoride* 

P.  D.  KLEINSCH MIDT,  K.  H.  LAU,  and  D.  L.  HILDENBRAND 
SRI  International,  Menlo  Park,  California  94025,  US. A. 


(. Received  12  June  1978;  in  revised  form  20  November  1978) 


The  heterogeneous  reaction  equilibrium  (S/6)MoF,(g) + ( 1  /6)Mo(s)  —  MoF,(g)  was  studied 
by  mass  spectrometry  over  the  range  460  to  525  K,  and  values  of  h,H°/A  at  298. 1 J  K  derived 
by  the  second-law  (6.9  ±  0.5)  UC  and  third-law  (6.4  ±  1.0)  kK  procedures  are  in  dose 
agreement.  From  the  preferred  second-law  result,  one  derives  A ,H°jR  of  MoF»(g)  at 
2 91  15  K  to  be  —(149.3  ±  0.S)  kK,  in  food  agreement  with  a  value  obtained  previously 
from  gaseous  equilibrium  measurements  in  the  Mo+S+F  system.  Another  value  for 
MoFt(g)  derived  from  the  vapor  pressure  of  MoF,(l)  appears  to  be  in  error  because  of  an 
incorrect  evaluation  of  the  partial  pressure  of  monomer.  The  primary  bond-dissociation 
function,  (fl( F»Mo-F))/R,  is  found  to  be  47.6  UC,  compared  with  the  average  value  of 
53.8  UC  in  MoF,.  Gas-solid  equilibrium  in  the  MoF,  +  MoF, + Mo  system  is  attained 
rapidly  at  the  low  temperatures  and  pressures  of  our  experiments,  once  a  ‘’dean*'  Mo 
surface  is  generated. 


^  1.  Introduction 

in  previous  studies  of  the  Mo+ F  system  by  high-temperature  ma.«  spectrometry, 
gaseous  equilibria  among  the  lower  fluorides  were  investigated,  with  S  and  SF  as 
reaction  partners  for  the  Mo+F  species.*1’  All  of  the  gaseous  lower  fluorides  were 
observed  and  characterized,  pentafluoride  through  monofluoride,  and  standard 
enthalpies  of  formation  were  derived  from  the  reaction  thermochemistry,  using  the 
thermochemical  properties  of  SF  as  reference.  Results  for  the  higher  Mo  fluorides  are 
based  on  derived  results  for  the  preceding  lower  fluorides,  so  that  uncertainties 
propagate  up  the  chain.  Thus  the  reported*1’  A1H°/R  of  MoF,(g)  at  298.15  K, 
— (149.3  ±  4.3)  kX,  contains  a  relatively  large  uncertainty,  perhaps  overly  generous. 
Subsequently,  Douglas12’  reported  the  results  of  an  independent  evaluation  of  the 
thermodynamic  properties  of  MoF#  vapor,  based  on  measurements  of  the  vapor 
pressure  and  vapor  density  of  MoF5(l)-<,)  The  key  to  the  interpretation  of  the  vapori¬ 
zation  data  was  the  determination  of  saturated  vapor  composition.  The  vapor  densities 
indicated  an  overall  degree  of  association  very  close  i  <  2,  suggesting  saturated  MoF5 
vapor  to  be  largely  dimeric.  Douglas*2’  combined  this  information  with  a  vapor  mass 
spectrum  reported  by  Falconer  et  al.,iA)  and  with  certain  assumptions  about  fragmen¬ 
tation  patterns  and  relative  ionization  efficiencies,  to  estimate  the  molecular  abundances 

•  Research  sponsored  by  the  Air  Force  Office  of  Scientific  Research  (AFSQ,  United  States  Air 
Force,  under  Contract  F  4962O-78-C0O33.  The  United  States  Government  is  authorized  to  reproduce 
and  distribute  reprints  for  Governmental  purposes  notwithstanding  any  copyright  notation  hereon. 
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of  MoFj  monomer,  dimer,  and  trimer.  From  the  estimated  partial  pressures,  Douglas'2' 
derived  the  value  A *H*IR  -  (9.6  ±  1.5)  kK  for  the  vaporization  process  MoFs(1) 
—  MoFj(g)  at  298.15  K.  This  value  can  be  combined  with  the  standard  enthalpy  of 
formation'5,4'  and  the  enthalpy  of  fusion'3'  of  MoFs(s)  to  obtain  the  corresponding 
value  for  paeons  MoFs:  {Affl°(298.15  K )}/R  -  -(157.0  ±  2)  kK.  This  latter  value 
is  some  7.5  kK  more  negative  than  our  mass  spectrometric  result"'  and,  even  con¬ 
sidering  the  large  uncertainties,  the  two  independent  results  do  not  overlap. 

It  seemed  important  to  resolve  this  difference  so  as  to  increase  our  understanding 
of  complex  metal-halide  chemistry,  and  to  provide  accurate  thermochemical  quantities 
for  the  lower  fluoride  species.  It  also  seemed  desirable  to  carry  out  the  redetermination 
via  a  route  that  was  independent  of  the  previous  determinations."12'  In  considering 
the  various  possibilities  for  equilibrium  studies,  determinations  referred  to  MoF* 
appeared  most  attractive,  in  view  of  the  accurately  known  thermochemical  properties 
of  MoFfGD  and  MoFc(g).(T**'  A  rough  thermochemical  calculation  showed  that  the 
heterogeneous  reaction  equilibrium: 

(5/6)MoF«(g) +(l/6)Mo(s)  -  MoF,(g),  (1) 

might  be  suitable  for  study,  especially  since  the  two  different  enthalpies  of  formation 
of  MoF,(g)  led  to  widely  divergent  values  of  the  equilibrium  constant  JT*.  For  example 
at  500  K,  K*  for  reaction  (1)  is  calculated  to  be  about  7  x  10“*  if  {AfH*(MoFs,  g, 
298.15  K)}/Jt  -  - 149.3  kK  and  about  3  x  10+3  if  - 157.0  kK.  It  certainly  should  be 
possible  to  determine  which  of  these  values  is  more  nearly  correct  and  to  carry  out 
new  and  independent  studies  on  MoFs(g)  via  reaction  (IX  if  the  partial  pressures 
of  MoF«(g)  and  MoFs(g)  in  equilibrium  with  Mo(s)  can  be  monitored  separately  and 
if  it  can  be  demonstrated  that  chemical  equilibrium  is  achieved  at  the  relatively  low 
temperatures  and  low  pressures  likely  to  prevail.  Although  reaction  (1)  is  one  of  the 
main  routes  for  preparing  MoF*(sX(5>  there  appear  to  be  no  previous  equilibrium 
studies  of  this  process.  In  this  paper  we  report  the  results  of  a  mass-spectrometric 
study  of  reaction  (1)  that  yielded  new  thermochemical  quantities  for  MoF5(g). 


2.  Experimental 

AH  of  the  experiments  described  here  were  done  with  the  x/3  sector,  30.5  cm  radius, 
direction-focusing  mass  spectrometer  described  previously.'*’  The  effusion-beam 
source  was  very  similar  to  that  used  earlier  for  the  Mo+F  studies,"’  namely  a  moly¬ 
bdenum  cell  fitted  with  a  gas  inlet  tube  at  the  base.  The  cell  contained  several  coils  of 
molybdenum  wire  separated  by  a  thin  Mo  disc  that  was  perforated  with  a  number  of 
0.5  mm  holes.  Temperatures  were  measured  with  a  Pt-to-(Pt+ 13  mass  per  cent  Rh) 
thermocouple,  the  junction  of  which  was  attached  to  the  outside  surface  of  the  cell 
top  with  a  tight-fitting  nickel  band.  When  the  cell  was  heated  above  1000  K  for  out- 
gassing  and  cleanup,  temperatures  measured  with  the  thermocouple  agreed  to  within 
a  few  K  of  those  determined  by  optical  pyrometry,  when  sighting  on  a  black-body 
cavity  in  the  lid. 

The  MoF*  sample  was  obtained  from  Research  Organic/Inorganic  Chemical 
Corp.,  Sun  V?JJey,  California.  A  steel  reservoir  tank  was  filled  to  a  pressure  of  about 
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7  kPa  with  gas  from  the  MoF6  supply  cylinder.  Gas  from  the  reservoir  was  then 
metered  into  the  effusion  cell  with  a  variable-flow  leak  valve.  The  room-temperature 
mass  spectrum  indicated  the  presence  of  a  small  MoOF*  impurity,  much  less  than 
that  observed  in  other  samples  from  various  suppliers.  However,  the  MoOF4  impurity 
did  not  interfere  with  the  studies  of  reaction  (1). 

3.  Results 

When  MoF6  from  the  reservoir  bulb  was  admitted  to  the  effusion  cell  at  room 
temperature,  the  major  ion  observed  in  the  electron  impact  mass  spectrum  was 
MoFj ,  with  a  threshold  appearance  potential  EA  of  (15.2  ±  0.3)  V.  The  MoFj  signal 
responded  sharply  to  movement  of  the  molecular-beam  defining  slit  and  to  adjustment 
of  the  leak  valve.  This  room  temperature  £A(MoF$ )  is  in  agreement  with  the  value 
reported  earlier,1 1)  and  is  clearly  in  accord  with  ion  formation  by  the  fragmentation 
process:  MoF6+e"  —  MoFj  +  F+2e".  As  is  often  the  case  with  valence-saturated 
metal  halides,  the  parent  ion  is  not  observed;  removal  of  a  valence  electron  from  MoF6 
apparently  yields  an  unstable  molecular  ion  that  dissociates  to  MoF,  +F  on  a  time 
scale  that  is  short  compared  with  the  approximately  ps  flight  time  of  the  ion  from  ion 
source  to  collector.  In  any  event,  the  ion  MoF 5  appearing  at  a  threshold  energy  of 
15.2  V  can  be  used  to  monitor  the  MoFg  abundance  in  the  effusion-cell  beam. 

When  the  cell  temperature  was  increased  to  450  K  or  higher,  the  EK  of  MoFj 
dropped  to  (10.7  ±  0.3)V,  in  agreement  with  the  value  (10.60  ±  0.10)  V  reported 
previously41 1  for  parent  MoF, .  A  check  of  the  mass  spectrum  at  several  temperatures 
and  MoF6  flow  rates  indicated  M0F5  to  be  the  major  ion  product  of  MoFs>  also. 
By  judicious  choice  of  ionizing  electron  energies,  the  MoF,  abundance  can  be  used 
ms  a  measure  of  both  MoFs  and  MoF6.  The  unfolding  of  these  two  neutral  contribu¬ 
tions  to  MoFj  can  be  done  most  accurately  when  the  neutral  abundance  mole  ratio 
nfMoFjj/.ifMoF^)  is  small.  Under  such  conditions,  the  MoF^  parent  signal  a  few  V 
above  threshold  can  be  determined  quite  accurately,  but  its  extrapolated  contribution 
to  the  total  ion  yield  a  few  V  above  the  MoF,  /MoF6  fragment-ion  threshold  is 
relatively  small.  Therefore  extrapolation  of  the  MoFj  parent-ion  curve  is  not  critical, 
and  both  MoF5  and  MoF#  ion  yields  can  be  determined  reliably.  An  ionization 
efficiency  curve  measured  at  450  K  showing  both  parent  and  MoF,  /Mo6  fragment 
contributions  is  seen  in  figure  1 .  In  the  ensuing  discussion,  the  quantities  /(MoFj  /MoF 5) 
and  /(MoF, /MoF6)  represent  the  MoFj  ion  current  yields  from  MoFs  and  MoF6, 
respectively. 

As  a  test  for  the  attainment  of  chemical  equilibrium,  the  ion  current  quotient 
{/(MoFj  /MoFj)}/{/(MoFJ7MoF#)}s/#,  which  is  proportional  to  the  equilibrium 
constant  of  reaction  (1),  was  determined  at  a  series  of  MoF6  flow  rates  at  constant 
temperature.  For  these  studies,  the  MoFj  parent  and  fragment-ion  abundances  were 
evaluated  at  an  ionizing  potential  3  V  above  the  respective  thresholds.  Initially,  the 
calculated  equilibrium  quotients  were  found  to  vary  somewhat  with  flow  rate,  with 
a  change  by  a  factor  of  10  in  MoF*  abundance  leading  to  a  change  by  a  factor  of 
about  2  in  the  quotient.  Since  this  type  of  behavior  could  have  resulted  from  the 
coverage  of  reactive  molybdenum  surface  sites  by  an  adherent  oxide  film,  the  cell 
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K/V 

FIGURE  1.  curve  of  MoF»  at  ceO  temperature  430  K,  showing  parent  and 

fragment  contributions.  Energy  scale  is  unconected. 

wes  bested  to  1300  K  and  held  there  for  several  hours  under  a  vacuum  of  about 
7  x  10" 1  Pa.  Subsequent  measurements  showed  that  the  equilibrium  quotient  shifted 
to  a  slightly  lower  absolute  value  as  a  result  of  this  treatment,  but  that  the  quotient 
was  now  virtually  independent  of  MoFt  flow  rate.  A  representative  set  of  results 
illustrating  the  effect  of  flow  rate  on  the  calculated  equilibrium  quotient  at  440K 
is  given  in  table  1.  The  results  show  that,  after  vacuum  degassing  of  the  Mo  surfaces 
at  high  temperatures,  the  ion-current  quotient  is  essentially  independent  of  flow  rate 
and  partial-pressure  variations,  so  that  chemical  equilibrium  is  established  within  the 
cell.  Subsequently,  the  equilibrium  quotient  at  any  given  temperature  could  be 
reproduced  closely,  provided  that  the  “dean”  molybdenum  surface  was  maintained. 

TABLE  I.  Effect  of  MoF,  flow  rate  on  ion  abundances  (in  arbitrary  units)  and  calculated  equilibrium 

quotients  at  440  K 


KMoF.'/MoF.)  gj£ggggj~ WoK/MoF.)  /(MoFF/MoF»>  gggjggg* 


11.3 

0.0*7 

6-28x10-* 

50.5 

0.191 

7.27x10'* 

12.4 

0.051 

6.26x10-* 

106.1 

0.365 

7.48x10-* 

36.4 

0.151 

7.55x10-* 

108.4 

0J96 

7.98x10-* 

45.0 

0.162 

6.79x10** 
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Two  independent  series  of  measurements  of  the  temperature  dependence  of  the 
reaction  equilibrium  quotient  were  made,  using  an  excess  ionizing  potential  (AV) 
of  3  V  in  one  instance  and  2  V  in  the  other.  These  measurements  were  made  at  a 
constant  flow  rate,  since  the  attainment  of  equilibrium  had  already  been  verified. 
The  two  different  values  of  AV  were  used  to  check  on  possible  interference  from  the 
dimer  fragmentation  process:  Mo2F10+e~  -  MoFj  +  MoF5+2e_,  since  the  dimer 
was  observed  in  relatively  high  abundance  above  500  K.  For  an  enthalpy  of  dimeri¬ 
zation  of  20  to  40  R  kK,  dimer  fragmentation  could  contribute  to  the  MoFJj  ion 
yield  a  few  V  above  the  MoF^  parent  threshold.  Some  preliminary  experiments  with 
AV  —  4V  yielded  second-law  plots  for  reaction  (1)  that  exhibited  an  increase  in  slope 
above  about  480  K.  The  results  taken  with  lower  excess  ionizing  energies  showed  no 
such  effects  and  are  free  of  interference  from  dimer.  The  two  second-law  slopes,  derived 
from  least-squares  analysis  of  Iog10JT  against  \{T  where 

K'  -  {/(MoFj/MoFj)}r1/6/{/(MoFj'^MoF6)}5/‘, 
yielded  {A^f°(492  K)}/R  -  (6.89  ±  0.05)  kK  for  AV  «  2  V  and  {Atlfo(460  K)}/R 
—  (7.15  ±  0.25)  kK  for  AV  —  3  V.  A  plot  of  the  two  sets  is  shown  in  figure  2. 
Although  the  two  second-law  enthalpies  are  in  close  agreement,  the  value  obtained 
with  the  smaller  AV  is  believed  to  be  more  reliable,  and  these  results  were  used  in  the 
final  analysis. 

In  order  to  check  for  internal  consistency  via  a  corresponding  third-law  calculation, 
values  of  the  constant  K'  w ere  converted  to  standard  equilibrium  constants  K°  using 


FIGURE  2.  Plot  of  equilibrium  quotient  K'  for  reaction:  (J/6)MoF«(g)+(l/6)Mo(s)  —  MoF,(g) 
as  function  of  temperature  at  two  different  excess  ionizing  potentials.  O,  AK  —  2  V;  A.  AK—  3  V. 
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in  instrument-sensitivity  constant  determined  for  the  pertinent  ionizing  energy  by  a 
gold  vapor-pressure  calibration.  Relative  ionization  cross  sections  of  MoFs  and  MoF* 
were  estimated  from  additivity  of  the  atomic  cross  sections,'10’  these  «*»»»»*»» 
should  introduce  relatively  little  uncertainty,  however.  The  observed  ion  intensities, 
values  of  £*  and  JC*.  and  the  derived  third  law  enthalpies  are  summarized  in  table  2. 


TABLE  2.  Ian  abundances  end  dwrved  equilibrium  quuddes  far  motion  (1)* 


77* 

/(MoF?) 
(13  V) 

/(MoF?)* 

(17JV) 

X'xlO* 

r*xio* 

d*2r*(298.13  K)/Jt  UC 

462.0 

0.090 

193 

2.19 

308 

6.45 

465.7 

0.102 

20.2 

2.40 

436 

6.46 

471.8 

&123 

19.6 

3.02 

5.47 

6.43 

484.1 

0.162 

18.8 

4.17 

737 

6.44 

487.8 

oiso 

18.7 

4.71 

835 

6.43 

497.8 

0240 

18.8 

6.40 

113 

6.41 

509.0 

0318 

19^ 

8.60 

15.6 

6.40 

5233 

0.441 

183 

12J 

23.4 

639 

527.8 

0486 

19.1 

14J 

250 

Men: 

Second  lew  (296.15  K): 

636 

6.42 

639  ±005 

*  Pm*  ioaizms  potential:  2  V. 

*i(MoFi/MoFi)itj«  ■  I(MoF|)itj«  -Utf(MoFi)u4f. 


Thermodynamic  functions  of  Mo(s)  and  MoFc(g)  used  in  the  third-law  analysis  were 
taken  from  the  JANAF  Tables/7’  while  those  of  MoFs(g)  were  taken  from  tables 
prepared  by  Douglas  et  o£(a>  The  functions  for  Mo(s)  and  MoFt(g)  are  based  on 
well  established  thermal  and  molecular  data,  and  are  of  relatively  high  accuracy. 
For  MoF3(g),  the  calculated  functions  are  derived  from  the  spectroscopic  data  of 
Acquista  and  Abramowrtz'12’  plus  two  estimated  fundamentals/1 1  *  This  set  of  functions 
for  MoFj(g)  is  preferred  over  other  possible  assignments  because  of  the  high  degree  of 
compatibility  with  the  extensive  second-law  data  on  MoF,  gaseous  equilibria/1’ 
These  sources  lead  to  values  of  A#*(298.15  K )/R  of  6.14  and  6.09  at  400  and  500  K, 
respectively,  for  reaction  (l).f  Additionally,  the  thermal  functions  indicate  that  the 
enthalpic  correction  of  the  second-law  slope  enthalpy  to  298.15  K  is  essentially 
negligible.  As  shown  in  table  2,  the  average  third-law  value  {ArfP(298.15  K)}/J? 
*  6.44  kK  for  reaction  (!)  compares  favorably  with  the  second-law  value  of 
(6.89  ±  0.05)  kK.  On  the  whole,  the  agreement  is  satisfactory. 

Of  the  several  derived  values,  the  second-law  result  obtained  with  the  lower  ionizing 
potential  is  considered  the  most  reliable,  leading  to  the  selected  value  from  the  present 
work:  {A^f°(298.15  K )}//?  —  (6.89  ±  0.40)  kK  for  reaction  (1).  By  combining  this 
with  data  for  MoF#(g),(7>  one  derives  {AfH°(MoFj,  g,  298.15  K)}/R  »  {6.9 
+(5/6X- 187.4)}  kK  *■  —(149.3  ±  0.5)  kK,  in  fortuitously  close  agreement  with  the 
earlier  mass-spectrometric  value  —(149.3  ±  4.3)  kK  It  would  seem  that,  together, 
these  two  determinations  establish  the  enthalpy  of  formation  of  MoFs(g)  with 
reasonable  certainty. 

t  -  -{GTO-HTni/AT. 
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Combination  of  the  new  results  for  the  gas  with  the  average  of  the  two  determinations 
for  the  enthalpy  of  formation  of  MoF,(s),(1,6)  yields  A ,H0IR  *  18  kK  for  the 
sublimation  of  MoF,  monomer  at  298.15  K,  close  to  the  corresponding  values  for 
WF,  (18.6  kX),(5,li)  and  UF5  (17  kK).(,4)  From  the  enthalpy  of  fusion  of  MoF,(s),(S> 
one  then  evaluates  AJi°/R  ■  17  kK  for  the  vaporization  of  the  liquid  to  gaseous 
monomer  at  298.15  K,  compared  with  the  value  (9.6  ±  1.5)  kK  inferred  by  Douglas<2> 
from  the  pressure,  density,  and  mass  spectrum  of  saturated  MoF,  vapor,  as  described 
earlier.  The  large  discrepancy  almost  certainly  stems  from  the  difficulty  in  estimating 
the  abundance  of  MoF,  monomer  from  the  saturated-vapor  mass  spectrum  of 
Falconer  et  alS4)  In  particular,  detailed  information  on  the  variation  of  mass  spectrum 
with  ionizing  energy  is  required;  as  already  indicated,  fragmentation  of  Mo2F,0  can 
contribute  to  the  MoFj'  ion  yield  at  ionizing  potentials  only  a  few  V  above  the  parent- 
ion  threshold,  so  that  one  could  easily  overestimate  the  monomer  partial  pressure  in 
saturated  vapor  from  the  limited  mass  spectral  data.(4>  In  fact.  Falconer  el  al.w 
warned  that  “since  neither  the  cross  sections  nor  the  fragmentation  patterns  are 
known,  a  quantitative  assessment  of  the  population  of  neutral  species  in  the  vapor 
cannot  be  made  from  the  existing  data." 

An  alternate  interpretation  consistent  with  the  data  is  that  saturated  MoF,  vapor  is 
essentially  dimeric,  with  a  small  percentage  of  trimer  and  an  insignificant  amount  of 
monomer.  In  fact,  our  new  value  for  the  enthalpy  of  formation  of  MoF,(g)  can  be 
combined  with  data  for  MoF,(s),(S' 6)  and  MoF,(l),<2* 3)  to  evaluate  the  partial  pressure 
of  MoF,  monomer  at  400  K  as  5  x  10"*  Pa,  while  the  total  vapor  pressure  is  1  x  103  Pa. 
Although  insignificant  in  the  saturated  vapor,  the  monomer  will  be  the  dominant 
pentafluoride  species  in  most  high-temperature  applications;  hence  its  properties  must 
be  established  accurately.  Additionally,  value  AJi'/R  —  17  kK  for  the  vaporization 
of  monomer  noted  above,  together  with  the  corresponding  dimer  value  of  8  kK,(2) 
leads  to  the  value  AtHt/R  m  26  kK  for  the  dissociation  of  dimer  at  298.15  K,  i.e.  for 
the  process:  Mo2F10(g)  “  2MoF,(g).  This  value,  uncertain  by  at  least  several  kK, 
is  consistent  with  a  recent  determination*111  of  (20.6  ±  1)  kK  for  the  dissociation  of 
uranium  pentafluoride  dimer;  the  latter  is  believed  to  be  the  only  direct  thermochemical 
measurement  on  a  metal  pentafluoride  dimer.  Note  that  our  reinterpretation  of  the 
MoF,  monomer  data  requires  that  Douglas’  derived  data*21  be  modified  so  as  to 
increase  the  stability  of  dimer  and  to  decrease  the  stability  of  trimer. 

From  the  new  results  on  MoF,(g),  one  can  evaluate  the  primary  bond-dissociation 
energy  in  MoF„  i.e.  the  enthalpy  change  for  the  process:  MoF,  —  MoF,+F,  within 
narrow  limits.  At  298.15  K,  this  value,  designated  {D(FsMo-F)}/R,  is  calculated  to 
be  {9.5— 149.3— (— 187.4)}  kK  —  (47.6  ±  0.6)  kK,  compared  with  the  average  value 
in  MoF«(g)  of  53.9  kK.  Since  {Z)(F*Mo-F)}//t  —  44  kK  and  the  average  value  in 
MoF4(g)  is  57.9  kK,(1)  it  is  apparent  that  the  fluorine  ligands  tend  to  stabilize  the 
Mo44  tetravalent  state.  Therefore,  the  gaseous  tetrafluoride  generally  will  be  more 
important  than  the  hexafluoride  or  the  pentafluoride  in  the  high  temperature  chemistry 
of  the  Mo+F  system. 

One  aspect  of  the  present  work  that  seemed  at  the  time  rather  surprising  was  the 
rapid  and  complete  attainment  of  chemical  equilibrium  in  the  Mo + MoF,  +  MoF, 
system  at  400  to  500  K,  when  the  Mo(s)  surface  was  maintained  free  of  films  of  foreign 
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■httiiCH.  It  might  haw  beta  expected  that  the  bond-breaking  and  rearrangement 
iteps  leading  to  product  formation  would  be  the  rate-limiting  procceeee  at  theee 
relatively  low  temperatures.  However,  the  chemical  step  is  apparently  much  faster 
than  the  surface  accommodation  of  the  incoming  MoF(  ny»if«nik(  especially  when  a 
retarding  film  is  present  In  this  respect,  the  behavior  is  in  accord  with  the  quasi* 
equilibrium  (QE)  model  of  gas-solid  reactions  proposed  by  Batty  and  Stickney.(U> 
The  QE  model,  which  seems  to  be  in  accord  with  the  results  of  several  metal + oxygen 
reactions,  is  based  on  the  assumption  that  reaction  products  are  in  equilibrium  with  the 
solid  substrate  and  with  one  another,  and  that  die  rate  of  emission  of  products  is 
limited  by  the  kinetics  of  adsorption  of  the  incoming  reactive  spedes. 
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Thermochemical  properties  of  the  gaseous  tantalum 
fluoridesa) 
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The  gaseous  tantalum  fluoride  species  TaF, ,  with  n  ■*  1  to  5,  were  generated  under  equilibrium  conditions 
by  admitting  SFt(g)  to  a  tantalum  effusion  cell  at  temperatures  ^n  the  range  1000-2500  K.  Mass 
spectrometry  was  utilized  to  establish  the  species  identities  and  then  to  study  several  reaction  equilibria. 
Reaction  enthalpies  were  derived  primarily  by  second  law  analysis,  from  which  the  standard  enthalpies  of 
formation  at  298  K  of  TaF,  ( -  424.6  kcal/mol),  TaF.  ( -  305.2  kcal/mol),  TaF,  ( -  194.0  kcal/mol). 
TaF,  (  —  68.7  kcal/mol)  and  TaF  (69.2  kcal/mol)  were  derived,  all  ±3  kcal/mol.  Fan  mated 
thermodynamic  functions  of  the  Ta-F  species,  baaed  on  data  for  the  neighboring  tungsten  fluorides,  were 
found  to  be  quite  compatible  with  the  equilibrium  data.  Equilibrium  gas  phase  competitions  in  the  Ta-F 
system,  calculated  over  a  range  of  temperatures  for  several  pressures  using  the  data  reported  here, 
correlate  closely  with  kinetic  data  on  the  reaction  of  Ta  with  F  atoms.  The  sharp  decline  in  reaction  rate 
above  2000  K  can  be  accounted  for  on  purely  thermodynamic  grounds. 


INTRODUCTION 

The  chemical  interaction  of  the  refractory  metal  tan¬ 
talum  with  fluorine  at  elevated  temperatures  is  of  in¬ 
terest  in  chemical  vapor  deposition  technology,  in  the 
analysis  of  metal  fluorination  kinetics,  and  in  the  evalua¬ 
tion  of  the  susceptibility  of  tantalum  and  its  refractory 
compounds  to  corrosive  attack  by  fluorine  and  fluorides. 
All  of  these  applications  require  a  knowledge  of  the 
thermochemical  properties  of  the  gaseous  tantalum 
fluorides.  In  particular,  Nordine1  has  pointed  out  the 
role  of  thermochemical  data  in  treating  the  kinetics  of 
the  gasification  of  refractory  metals  by  atomic  fluorine, 
and  has  discussed  the  Ta+  F  reaction  system  in  depth. 
The  treatment  of  the  kinetics  of  gas -solid  reactions  of 
this  type  by  the  quasiequilibrium  (QE)  model  of  Batty 
and  Stlckney*  has  been  quite  successful,  but  since  the 
QE  model  is  based  on  emission  of  gaseous  products  in 
thermodynamic  equilibrium  distributions,  the  lack  of 
thermochemical  data  for  these  species  severely  re¬ 
stricts  its  application.  Other  studies  of  the  Ta-F  reac¬ 
tion  have  been  carried  out  by  Machiels  and  Olander5  and 
by  Phlllppartef  al.  ,*  but  again  Interpretation  is  some¬ 
what  hindered  for  the  same  reason. 

Feber*  and  Zmbov  and  Margrave*  have  made  estimates 
of  the  enthalpies  of  formation  of  the  gaseous  Ta-F  spe¬ 
cies,  but  these  estimates  differ  by  10  to  20  kcal/mol 
and  there  is  no  satisfactory  way  to  judge  their  reliability. 
Furthermore,  there  are  no  experimental  spectroscopic 
and  molecular  constant  data  needed  for  evaluating  en¬ 
tropies  used  in  high  temperature  equilibrium  calcula¬ 
tions.  The  objective  of  the  present  study  was  to  devise 
suitable  experimental  conditions  for  generating  and 
identifying  the  gaseous  tantalum  fluorides,  and  to  make 
comprehensive  measurements  of  reaction  equilibria 
among  these  species.  If  sufficiently  accurate  and  ex- 
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tensive,  these  measurements  will  yield  the  enthalpies, 
entropies,  and  Gibbs  energies  of  formation  needed  in 
calculating  the  high  temperature  equilibrium  properties 
of  the  Ta-F  system.  We  report  here  the  results  of 
such  studies,  carried  out  by  high  temperature  masB 
spectrometry. 

EXPERIMENTAL 

Gaseous  TaF.  species,  where  n«  1-5,  were  generated 
by  Quorinatlng  Ta  metal  with  gaseous  SF,.  For  this 
purpose,  SFa  from  an  external  reservoir  was  admitted 
to  the  base  of  a  tantalum  effusion  cell  of  the  type  used 
in  earlier  work. 1  The  cell  was  1. 27  cm  o.  d.  and  2.  20 
cm  long,  with  an  internal  cavity  0. 80  cm  i.  d.  and  1. 25 
cm  long;  a  0.  55  cm  o.  d.  gas  inlet  tube  entered  the  base 
of  the  cell.  A  coil  of  tantalum  wire  was  placed  in  the 
lower  section  of  the  cell,  and  a  thin  tantalum  liaphragm 
containing  several  0.  5  mm  diameter  holes  around  the 
periphery  was  placed  between  the  upper  and  lower  sec¬ 
tions  to  increase  the  number  of  reactive  gas-solid  colli¬ 
sions.  '  The  beam  exit  orifice  was  0. 15  cm  in  diameter  and 
0.  35  cm  long.  Total  pressure  in  the  cell  was  always 
less  than  1  x  10**  atm,  so  that  molecular  flow  conditions 
prevailed  throughout.  A  few  measurements  were  made 
with  CaF,(s)  in  the  cell,  and  also  with  WF,  as  the  reac¬ 
tive  gas.  Reaction  products  were  sampled  with  a  mass 
spectrometer,  and  ion  abundances  evaluated  at  low 
ionizing  electron  energies  were  used  in  deriving  the 
desired  equilibrium  data.  The  magnetic  mass  spectrom¬ 
eter,  the  experimental  technique,  and  the  data  evalua¬ 
tion  methods  have  been  described  in  previous  publica¬ 
tions.  ’ 

Below  about  1200  K,  TaF,  was  the  only  readily  detect¬ 
able  Ta-F  product,  but  above  that  temperature,  increas¬ 
ing  abundances  of  the  lower-valent  Ta  fluorides  were 
observed.  The  attainment  of  chemical  equilibrium 
within  the  effusion  oven  source  was  checked  by  varying 
the  gas  flow  rate  and  applying  the  mass  action  test  to 
the  resulting  equilibrium  data.  All  other  details  con¬ 
cerning  measurements  of  ionization  efficiency  curves, 
temperature  determination  by  optical  pyrometry,  etc. 
have  been  described  previously.  * 
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TABLE  L  Appaarwo*  potssMale  aad  n*tSr*l  precur¬ 
sors  at  loos  oh—  rved  Is  Ts— F  studies. 


loa 

Thr— bold 
A.P.  <#V)» 

Call 

tsmpamturo  (K) 

Nsutrsi 

precursor 

TaF; 

14.7 

1100 

TaF, 

TaF; 

8.3 

1300 

TaF, 

tsf; 

8.2 

1730 

TaF, 

TaFJ 

8.0 

2100 

TaF, 

TaF* 

11.0 

2130 

TaF, 

TsF* 

8.0 

2430 

TaF 

T»ar; 

10.4 

1300 

TaSF, 

CaF* 

3.5 

1800 

CaF 

Ca* 

0.0 

1800 

Ca 

WF*, 

10.0 

1800 

WF, 

wf; 

10.0 

1600 

WF, 

tatimwri  uamrtaiiSy  *0.3  #V,  rmnlshloc  current 
mattad. 


Gaseous  SF,  and  WF,  wort  obtained  from  tha  lUthaaoa 
Co.  and  from  Alfa  Di  visit)  n/V entron  Corp. ,  while  tha 
CaF j(«)  aampia  wan  of  typical  reagent  grade  quality. 

RESULTS 

Tha  thrasfaold  appearance  potentiate  (A.P.  ’a)  of  Iona 
observed  at  various  effusion  call  temperatures  are 
listed  In  Table  I,  along  with  tha  neutral  species  assigned 
aa  precursors.  Threshold  energies  were  evaluated  by 
tha  vanishing  currant  method,  with  the  energy  scale 
calibrated  by  reference  to  the  A.  P.  of  background  Hg*. 
Interpretation  of  the  A.P.  data  la  straightforward,  with 
tha  lowest  threshold  of  each  ion  clearly  associated  with 
simple  Ionization  of  the  corresponding  neutral.  There 
are  no  previous  threshold  data  Car  any  of  the  lower- 
valent  tantalum  fluorides;  the  threshold  A.  P.  ’a  of  parent 
Ca*,  CaF*,  WFJ,  and  WTj  are  in  good  agreement  with 
earlier  determinations,  *•*  wtailt  the  dissociative  thresh¬ 
old  for  TaFl/TaF,  agrees  with  the  value  14. 8  *  0. 3  eV 


TABLE  O.  Equilibrium  constants  Cor  the 
reaction  TaF,(f) ♦  TaFj(/)  •  3  TaF,(/)  (1). 


TOO 

TOO 

ISIS 

0.408 

1633 

0.313 

ISIS 

0.438 

1800 

0. 303 

1332 

0.469 

1660 

0.343 

1332 

0.489 

1871 

0.383 

1367 

0.432 

1871 

0.541 

1337 

0.488 

1671 

0.571 

1357 

0.466 

1878 

0.549 

1388 

0.482 

1678 

0.584 

1392 

0.449 

1879 

0.302 

1393 

0.473 

1684 

0.335 

1593 

0.407 

1888 

0.371 

1630 

0.320 

1739 

0.600 

1630 

1633 

0.530 

0.538 

1739 

0.600 

log  X,  •  <0. 808  *  0. 081)  -  <1782  *  1311/T 


TABLE  HI.  Equilibrium  constants  for 
tha  rsaettoas  T»F,(/)  *  TaF,(g) 

.  2  TaF><s)  (2),  3/4  TaF.lft  ♦  1/4  Ta <•) 
■  TaF,<x)  (4). 


mo 

A, 

X,*  10*  <a»m1/4) 

1885 

49.7 

1.43 

1888 

49.6 

1.46 

1838 

44.4 

1.72 

1873 

41.2 

2.13 

1973 

40.1 

2.12 

3031 

38.8 

2.33 

2031 

33.3 

2.36 

2003 

33.1 

3.16 

2063 

34.3 

3.13 

2064 

34.7 

3.27 

2110 

30.9 

3.73 

2110 

30.5 

3.54 

2110 

31.2 

3.34 

2146 

30.0 

4.27 

2189 

28.8 

4.88 

2166 

27.2 

8.03 

2234 

28.3 

5.34 

»o«  A,- 

-  (0. 142  *  0. 037)  ♦  <3488  *  76)/T 

tog  A,- 

(1.888  *  0.072) 

-<7166*181)/r 

resulting  from  measurements  on  TaF,  vapor.'  As  ex¬ 
pected,  the  Ionisation  energies  of  the  lower  TaF.  species 
are  converging  on  the  spectroscopic  ionization  potential 
(L  P. )  of  Ta  (7. 88  eV)  with  removal  of  successive  F 
atoms.  This  type  of  behavior  has  been  observed  with 
the  W  aad  Mo  fluorides**10  and  seems  characteristic  of 
transition  metal  halides.  The  behavior  of  nontransition 
halides  is  quite  different,  with  the  I.P.  ’s  of  the  odd- 
electron  molecules  several  eV  lower  than  those  of  the 
neighboring  even-electron  species. 

TaF|(g)  does  not  yield  a  stable  parent  ion,  as  noted 
earlier. '  The  presence  of  TaF,(f)  was  obvious,  how- 
svsr,  from  the  higher  TaF.  dissociative  Ionization 
threshold.  Measurements  of  TaF,  In  tbs  presence  of 
TaF,  were  made  under  conditions  In  which  P(TaF,) 

>  P(TaF,),  so  that  the  parent  contribution  to  TaF;  could 
be  readily  extrapolated  to  higher  energies  and  separated 
from  ths  larger  TaFyTaF,  dissociative  contribution. 

The  Ta-SF,  reaction  yielded  TaSF,(x)  in  high  abundance, 
but  this  species  did  not  interfere  with  determinations 
of  the  TaF,  equilibria  since  the  latter  were  monitored 
at  low  Ionizing  electron  energies. 

By  choosing  temperature  ranges  In  which  the  species 
of  Interest  overlapped.  It  was  possible  to  study  the  reac¬ 
tion  equilibria 


TaF,(f)  +  TaF,(f)  -  2  TaF,(?)  , 

(1) 

TaF,(g )  *  TaF,(x)  *  2  TaF,(f)  , 

(2) 

TaF(*)  +  TaF,(*)«2TaF,(g)  , 

(3) 

$  TaF,(g)  ♦  i  Ta(s)  -  TaF,(*) 

(4) 

Involving  the  Ta-F  species  only.  Parent  ion  intensities 
were  measured  at  3  eV  above  the  ionization  threshold 
to  eliminate  any  potential  overlap  from  dissociative 
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TABLE  IV.  Equilibrium  constants  (or 
tbe  reaction  T*F,(y)  *  TaF(y) 


*  2  TaFj(*t  (3). 

TOO 

*1 

2294 

18.3 

2294 

17.  8 

2315 

16.9 

2315 

17.7 

2354 

17.5 

2354 

16.  9 

2356 

17.8 

2405 

15.  9 

2405 

16.5 

2427 

15.4 

2427 

16.0 

log  JKj«  (0.  246  *  0. 162)  +  (2319 *  382)/T 


TABLE  VI.  Estimated  values  of  +$a  for 
Ta-F  species.4 


T  (K) 

TaF 

TaF, 

TaF, 

TaF, 

TSF, 

296 

57.1 

64.4 

71.9 

79. 1 

81.1 

400 

57.4 

64.9 

72.6 

79.6 

82.1 

600 

58.7 

67.0 

75.2 

83.4 

86.3 

800 

60.1 

69.2 

78.2 

87.2 

90.9 

1000 

61.3 

71.2 

80.  9 

90.7 

95.2 

1200 

62.4 

73.1 

83.3 

93.8 

99.1 

1400 

63.5 

74.8 

85.5 

96.7 

102.6 

1600 

64.4 

76.3 

87.6 

99.3 

105.6 

1800 

65.2 

77.7 

89.4 

101.7 

108.8 

2000 

66.  0 

79.0 

91.1 

103.9 

111.5 

2200 

66.7 

80.2 

92.7 

106.0 

114.0 

2400 

67.4 

81.3 

94.1 

107.8 

116.3 

2600 

68.0 

82.3 

95.5 

109.6 

118.4 

**ja  >  -  (C*  - units  are  cal/deg mol. 


ionization  processes.  Measured  In  this  fashion,  the 
parent  ion  signals  faithfully  represented  the  correspond¬ 
ing  neutral  abundances.  As  noted  above,  the  TaF, 
abundance  was  derived  from  the  TaF;  signal  at  3  eV 
above  the  dissociative  threshold,  after  correction  for 
the  extrapolated  TaF;  parent  contribution. 

The  system  was  checked  for  attainment  of  chemical 
equilibrium  by  varying  the  SF(  flow  rate  and  noting  the 
effect  of  the  resulting  composition  changes  on  the  de¬ 
rived  equilibrium  data.  For  Reaction  (2),  for  example, 
two  different  SF,  flows  at  2234  K  gave  the  relative  inten¬ 
sities  of  TaFl/TaFV'TaF;  parent  ions  as  0. 234/0. 660/ 

0. 074  and  1. 60/11. 3/3. 03,  yielding  equilibrium  con¬ 
stants  K  of  25. 2  and  26.  3,  respectively.  Similar  re¬ 
sults  were  obtained  for  the  other  reactions,  satisfying 
the  mass  action  criterion  for  equilibrium  behavior. 

In  the  studies  of  Reaction  (1),  relative  abundances  of 
TaF, /TaF, /TaF,  were  in  the  approximate  ratios  10/0.  5/ 
0. 07  at  1515  K  and  10/3/1.  5  at  1735  K.  For  reaction 
(2),  the  ratio  TaF'/TaFt/TaF,  was  about  10/6/0. 14  at 
1885  K  and  10/37/5  at  2234  K.  The  abundance  ratios 
TaFj/TaFj/TaF  observed  in  the  study  of  Reaction  (3) 
were  about  10/2/0. 02,  varying  only  gradually  with  tem¬ 
perature.  Equilibrium  constants  evaluated  directly 
from  the  ion  abundance  ratios  for  the  iso  molecular  reac¬ 
tions  (1),  (2),  and  (3)  are  listed  in  Tables  Q,  IS,  and 
IV,  respectively.  Most  of  these  points  were  measured 
twice  at  each  temperature  to  Increase  accuracy. 

In  deriving  the  absolute  equilibrium  constants  for 
Reaction  (4),  the  sensitivity  constant  relating  ion  inten¬ 
sities  to  pressure  was  evaluated  from  a  gold  vapor  pres¬ 


sure  calibration,  taking  proper  cognizance  of  the  depen¬ 
dence  on  excess  ionizing  energy.  Atomic  ionization 
cross  sections  were  taken  from  the  compilation  of  Mann, 11 
and  additivity  of  the  atomic  values  was  assumed  in  esti¬ 
mating  those  of  TaF,  and  TaF,;  this  introduces  no  error 
in  the  derived  thermochemical  data  for  Reaction  (4), 
since  the  latter  were  obtained  from  second-law  analy¬ 
sis.  The  equilibrium  data  so  derived  are  listed  also  in 
Table  IH. 

A  second-law  analysis  of  the  equilibrium  data  yielded 
the  reaction  enthalpy  changes  Aff°  (n)  summarized  in 
Table  V.  There  are  no  spectroscopic  and  molecular 
constant  data  available  for  any  of  tbe  Ta-F  species  that 
could  be  used  in  a  corresponding  third-law  treatment 
or  in  providing  heat  capacities  that  could  be  used  in 
correcting  the  slope  heats  to  2S8  K.  In  previous  studies 
of  the  W-F*  and  Mo-F10  systems,  however,  it  was 
found  that  spectroscopic  constants  estimated  in  a  consis¬ 
tent  fashion  yielded  calculated  thermodynamic  functions 
showing  remarkably  good  second-  and  third-law  agree¬ 
ment.  It  was  assumed  that  the  molecular  parameters 
of  the  Ta-F  species  would  be  approximated  closely  by 
those  of  the  neighboring  W-F  species,  *  except  for  the 
electronic  configurations.  As  before,  only  electronic 
ground  states  were  considered,  with  even-  and  odd-  elec¬ 
tron  molecules  having  singlet  and  doublet  states,  re¬ 
spectively.  The  corresponding  entropy  and  phi  [-  (G* 

-  H*)/T]  functions  for  a  given  TaF.  and  WF,  species 
will  therefore  differ  by  A  In  2.  Values  of  ♦«,  ■  -  (G* 
~trtm)/T  for  the  Ta-F  species,  evaluated  in  this  fashion, 
are  listed  in  Table  VI.  Third-law  enthalpies  AR*(m) 
derived  using  these  functions  are  seen  in  Table  V  to  be 


TABLE  V.  Thermochemistry  of  Ta-F  reactions . 


Reaction 

Range  (K) 

AB*  (II)4 

ABja  (II)4 

ABja  on)4 

(1) 

TaF,!/)  *  TaF,ts>  •  2  TaF^/) 

1515-1735 

8.2*0. 6 

8.2 

10.4 

(2) 

T«F,(g)  -  TaF,(/t  •  2  TaF,(g) 

1885-2234 

-15.8*0.4 

-14.1 

-15.7 

(3) 

TaF(/1  *  TaFjfgl  -  2  TaFjCf) 

2294-2427 

-10.6*1.8 

-12.6 

-10.9 

<4> 

3/4  TiF,</)  ♦  1/4  Ta(t)  ■  TsFj(/» 

1885-2234 

32.9*0.7 

34.9 

32.7 

(5) 

TaF,(g>  ♦  Ca(/) .  T«F,(j)  ♦  CeF(j) 

1770-1929 

e  *  e 

*  *  * 

3.1 

4U>  kcai/mol. 
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la  rsn sonahly  food  agreement,  1.  a. ,  within  2  kcal/mol, 
with  tha  second-law  Tmiuaa,  adjusted  to  296  K  with  haat 
capacity  data  calculated  from  tha  aforamantloiiad  molec¬ 
ular  cone  taste.  The  relatively  simple  prescription  used 
lor  estimating  molecular  constants  seems  to  be  an  effec¬ 
tive  one,  so  that  the  corresponding  thermodynamic  func¬ 
tions  can  be  used  in  practical  calculations  until  the 
necessary  spectroscopic  data  eventually  become  avail¬ 
able. 

The  four  independent  equilibria  Involving  the  Ta-F 
species  [Reactions  (1)  through  (4)]  are  not  sufficient  to 
determine  the  properties  of  the  five  Ta-F  species;  one 
additional  Independent  equilibrium  Is  required.  Some 
type  of  exchange  reaction  Involving  Ta-F  spades  and 
the  fluorides  of  another  element  suggested  ltaalf,  hot 
because  of  the  high  heat  of  sublimation  of  Ta  and  tha 
relatively  high  Ta-F  average  bond  strength.  It  proved 
difficult  to  devise  suitable  reaction  partners.  Molec¬ 
ular  fluorides  with  relatively  weak  bond  strengths  pro¬ 
vided  sufficient  energy  exchange  to  gasify  Ta  whan  added 
to  the  cell,  but  In  general  they  were  completely  reduced 
and  only  the  Ta-F  spades  were  observed.  With  more 
stable  fluoride  partners,  there  was  insufficient  energy 
exchange  to  gasify  Ta,  and  only  the  gaseous  fluoride 
spades  of  the  partner  were  observed.  In  the  end,  it 
proved  possible  to  carry  out  two  such  processes  simul¬ 
taneously  by  adding  SF,(f)  to  a  Ta  cell  containing  CaFt(s). 
At  about  1800  K  and  with  a  moderate  flow  of  SF„  the 
spades  TaF,,  TaF,,  Ca,  and  CaF  were  identified  In  the 
cell  beam.  The  Ca  and  CaF  abundances  were  favored 
by  reducing  conditio  ns,  while  the  Ta-F  signals  were 
observable  only  under  oxidizing  conditions  characterized 
by  moderate  SF,  flows.  By  choosing  conditions  carefully 
It  was  possible  to  strike  a  balance  so  that  the  equilib¬ 
rium 

TaF,(g)  +  Ca(f)  ■  TaF,(g )  ♦  CaF(g)  (8) 

could  be  studied. 

Reaction  (9)  provides  a  striking  example  of  the  mass 
action  effect,  elaco  the  Ca  and  Ta  spedes  respond  in 
opposite  fashion  to  the  SF,  flow.  Two  points  at  1770  K 
with  different  leak  rates  of  SF,  gave  the  parent  Ion  In¬ 
tensity  distributions  Cz,/CaS“/TaT’v/TaJFi,  evaluated 
at  4  eV  excess  Ionizing  energy,  of  0. 18/6. 69/0. 61/ 


TABLE  Vfl.  Equilibrium  date  tor  the 
(saottaa  TaF, (ft  *  C« (ft  •  Tar, (ft 
+  CaF(f)  (51. 


THQ 

*1 

Ain*  (ns 

mo 

98. 4 

3.2 

1770 

39.7 

3.1 

1808 

38.7 

3.2 

1828 

39.3 

3.2 

1888 

41.6 

3.0 

IMS 

37.8 

3.9 

1895 

41.3 

3.0 

1929 

42.2 

2.9 

Av.  3. 1  kcal/mol 

h>t  A,. 

(1.968  *  0.153) 

—  (875  *  280)/T 

TABLE  Vm.  Derived  enthalpies  of  formulae 
and  band  dlaaociatlon  energies. 


Oaaoous 

molacula 

(kcal/mol) 

Bond 

(keal) 

TaF 

69.2 

Ta-F 

137 

TaF, 

-58.7 

FTa-F 

157 

TaF, 

-194.0 

F,  Ta-F 

144 

TaF, 

-305.2 

F,Ta— F 

130 

TaF, 

-424.5 

F,  Ta— F 

135 

Eatlmatad  uncartainttaa  ta  &fB\m  and  D\a  are 
*3  kcal/mol. 

0. 796  and  1. 18/20. 0/0. 111/0. 049,  with  calculated  K 
values  of  34. 2  and  38. 4,  respectively.  Tbs  sgrssmsnt 
la  considered  a  satisfactory  Indicator  of  gaseous  equili¬ 
bration.  Eight  equilibrium  data  points  measured  over 
the  range  1770  to  1929  K  are  summarized  in  Table  VU, 
along  with  derived  third-law  heats.  R  was  difficult  to 
oover  an  extended  temperature  range  for  reasons  noted 
above,  so  that,  In  view  of  the  consistency  of  the  data 
for  Reactions  (1)  to  (4)  with  the  estimated  thermody¬ 
namic  functions,  tha  third-law  value  Is  preferred.  How¬ 
ever,  the  hit* (A)  and  Aff*(in)  data  for  Reaction  (5)  are 
compatible  within  experimental  error.  Functions  for 
Ca (g)  and  CaF(g)  were  taken  from  the  JANAF  Thermo- 
chemical  Tables. u 

From  the  established  value  D^CaF)  •  127. 0a  1. 0 
kcal/mol11  and  the  derived  enthalpy  changes  for  Reac¬ 
tions  (1)  to  (6),  one  can  evaluate  the  standard  enthalpies 
of  formation  and  the  bond  diaarclation  energies  of  the 
gaseous  Ta-F  species  TaF  th  ough  TaF,.  For  this 
purpose,  the  rallies  of  Reactions  (1)  to  (4)  were 

used,  while  for  Reaction  (6)  the  more  reliable  third- 
law  value  waa  selected.  Thermo  chemical  data  so  de¬ 
rived  are  listed  in  Table  VUL 

As  a  further  check  on  the  Internal  consistency  of  the 
results,  several  measurements  on  the  equilibrium 

TaF,(g)  +  WF,(r)-TaF,(g)fWFfCr)  (6) 

gave  K* 2.  Sx  1ST4  at  1600  K.  This  result  leads  to 
AffJai  (in)  *  31  kcal/mol  for  Reaction  (8)  and  flJ»(F,Ta- 
F)  *  137  kcal/mol,  in  satisfactory  agreement  with  the 
data  in  Table  VDI. 

DISCUSSION 

Zmbov  and  Margrave*  list  the  standard  enthalpy  of 
formation  of  TaF,(g)  at  298  K  as  -  437. 7*1.0  kcal/mol, 
some  13  kcal/mol  more  stable  than  the  value  reported 
here;  the  selected  value*  Is  baaed  not  on  their  own  ex¬ 
perimental  studies  of  TaF,(g)  but  on  a  combination  of 
the  standard  enthalpy  of  formation  of  TaF,(s)  at  298  K 
(-  455. 0*0. 2  kcal/mol1*)  and  a  heat  of  sublimation  of 
17. 4  kcal/mol  estimated  by  Feber*  from  the  TaF,  vapor 
pressure  data  of  Falrbrother  and  Frith. **  The  estima¬ 
tion  of  A^ff^TaF,)'  Involves  the  Implicit  assumption  of 
monomeric  vapor,  an  unlikely  situation  in  view  of  the 
subsequent  evidence  for  a  high  degree  of  association  In 
TaF,  and  other  metal  pentafluorlde  saturated  vapors. u 
Our  new  value  for  A^fHTaF,,  g)  Implies  t,g) 


J.  Chan.  Phy*.  Vol.  71,  No.  4,  18  Augun  1979 


1676 


K.  H.  Lau  and  D.  L.  Hildenbrand  Therm  ochemicsl  properties  of  tantalum  fluorides 


«  30.  4  kcal/mol,  close  to  the  corresponding  values  for 
several  other  pentafiuoride  monomers  WT,(37  kcal/mol),' 
Mo F|(36  Itcal/mol),10  and  UF,(39  kcal/mol),1*  additional 
evidence  that  saturated  TaF,  vapor  is  highly  associated 
and  that  the  partial  pressure  of  gaseous  monomer  is 
insignificant.  There  are  no  experimental  determinations 
on  any  of  the  other  gaseous  Ta-F  species  some  of  the 
earlier  estimates1''  differ  substantially  from  the  thermo 
chemical  values  reported  here. 

The  new  data  lead  to  Z)J(TaF)  *  135.  7±  3  kcal/mol  =  5. 88 
±  0. 13  eV.  There  are  no  spectroscopic  values  available 
for  comparison.  The  individual  bond  dissociation  ener¬ 
gies  scatter  about  the  average  value  141  kcal/mol  In 
TaFfl  but  the  substantial  difference  of  27  kcal  between 
the  extremes  of  £KF,Ta-F)  and  C(FTa-F)  Indicates  that 
the  estimation  of  realistic  thermochemical  data  is  still 
a  chancy  business.  The  molecular  constants  needed 
for  a  meaningful  ionic  model  calculation  of  the  binding 
energies  of  TaF  and  some  of  the  polyatomic  Ta-F  spe¬ 
cies  are  not  available.  However,  the  ionidty  criterion'’ 
indicates  that  the  degree  of  charge  separation  in  these 
molecules  is  not  sufficient  for  valid  application  of  the 
electrostatic  model. 

Philipp  art  et  al. 4  have  measured  the  temperature  de¬ 
pendence  of  Ta-F  product  fluxes  generated  by  the  reac¬ 
tion  of  a  Ta  ribbon  with  fluorine  in  a  flow  reactor.  The 
gaseous  products  TaF,,  TaF,,  TaF,,  and  TaF  were 
identified  by  mass  spectrometry,  peaking  at  different 
temperatures.  They  reported  heats  of  atomization  of 
TaF,  (580  kcal/mol),  TaF,  (430  kcal/mol),  andTaF(180 
kcal/mol),  obtained  from  second-law  slopes  of  the  prod¬ 
uct  fluxes.  The  values  for  TaF,  and  TaF,  are  within 
about  10  kcal/mol  of  the  equilibrium  results  obtained 
in  this  study.  However,  their  result  for  TaF  and  the 
nonobservation  of  TaF,  are  clearly  at  odds  with  our  re¬ 
sults,  and  suggest  a  large  systematic  error  in  the  prod¬ 
uct  flux  measurements  at  the  highest  ribbon  tempera¬ 
tures.* 

A  useful  perspective  on  the  temperature  and  pressure 


FIG.  1.  Equilibrium  distribution  of  gsssous  spsclss  in  the 
Tt-F  system  over  the  range  500  to  2500  K  at  1  aim  ugal  pres¬ 
sure. 


FIG.  2.  Equilibrium  distribution  of  gaseous  species  In  tbe 
Ts-F  system  over  the  range  500  to  2500  K  at  10"‘  atm  total 
pressure. 


dependence  of  species  abundances  can  be  gained  from  a 
calculation  of  the  equilibrium  composition  of  the  Ta-F 
system  for  various  conditions  of  interest.  These  data 
can  be  evaluated  from  the  enthalpies  of  formation  in 
Table  VHI,  the  4>  functions  in  Table  VI,  and  data  for 
Ta(s),  F(g),  and  F,(g)  from  the  JANAF  Tables. u  Com¬ 
positions  were  calculated  in  terms  of  the  species  partial 
pressures  in  equilibrium  with  Ta(s)  at  total  pressures 
of  1  and  1(T*  atm  over  the  range  500  to  2500  K,  with  the 
results  shown  in  Figs.  1  and  2.  At  1  atm  pressure, 

TaF,  is  the  major  species  over  the  entire  temperature 
range,  although  TaF,  and  TaF,  are  gaining  rapidly  above 
2000  K.  The  situation  is  of  course  quite  different  at  10"* 
atm,  where  the  partial  pressures  of  the  lighter  dissocia¬ 
tion  products  are  enhanced.  At  the  lower  pressure,  the 
major  Ta  species  is  TaF,  up  to  2000  K,  shifting  to  TaF, 
at  2100  K,  TaF,  at  2300  K,  and  TaF,  at  2500  K.  Above 
2150  K,  however,  the  most  abundant  vapor  species  is 
atomic  fluorine.  The  equilibrium  data  corroborate  the 
conclusion  of  Machiels  and  Olander*  that,  up  to  1000  K 
and  equivalent  fluorine  pressures  between  10**  and  10*1 
aim,  TaF,  is  the  sole  product  of  the  Ta-F,  reaction. 

The  calculated  compositions  at  10**  atm  pressure  are 
in  qualitative  accord  with  the  data  of  Nordine1  on  the 
kinetics  of  gasification  of  Ta  by  F  atoms  at  pressures 
of  about  4x  10**  to  8*  10**  atm.  Between  2000  and  2500  K, 
the  observed  gasification  rate  of  Ta1  leveled  off  and  then 
began  to  decrease  rapidly,  consistent  with  the  appear¬ 
ance  of  atomic  fluorine  as  the  major  equilibrium  gas 
species  and  the  decline  in  the  abundances  of  the  major 
Ta-F  species  above  2200  K,  as  seen  in  Fig.  2.  Thus, 
the  sharp  high  temperature  falloff  found  in  the  F-atom 
gasification  kinetics1  •*’  of  Pt,  Ir,  Ta,  W,  and  Mo  can 
be  rationalized  in  terms  of  the  equilibrium  thermody¬ 
namics  as  suggested  by  the  QE  model,*  rather  than  a 
decreased  residence  time  of  adsorbed  F  atoms  at  these 
temperatures. 11  Our  calculations  suggest  that,  up  to 
2000  K,  TaF,  is  the  only  Important  gaseous  reaction 
product  and  that,  between  2000  and  2100  K,  TaF,  and 
TaF,  are  roughly  comparable;  at  higher  temperatures, 

F  atoms  predominate.  Thus,  it  seems  unlikely  that  the 
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Idnattea1  ara  iafluancad  by  a  mark  ad  atdft  la  product 
apadaa  to  ona  of  tha  iowar  Ta  Quorldaa  with  Incraaaing 
tanparatura. 
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ABSTRACT 

Two  semiempirical  models  for  estimating  the  thermochemical  properties 
of  gaseous  metal  halides,  the  Rittner  electrostatic  model  and  the  ioni city- 
corrected  Birge-Sponer  extrapolation,  are  reviewed,  and  the  areas  of  applica¬ 
bility  of  the  models  are  discussed.  Possibilities  for  application  of  the  Rittner 
model  to  metal  mono-,  di-,  and  trihalide  systems  are  illustrated  by  examples 
from  the  UA  and  IUB  metals,  and  extension  to  the  lanthanide  halide  series  is 
explored.  Over-all,  the  Rittner  model  appears  to  have  much  promise  as  a  tool 
for  estimating  thermochemical  data,  but  proper  usage  demands  that  due  con¬ 
sideration  be  given  to  the  inherent  limitations  of  the  model.  A  simple  ionicity 
correction  removes  much  of  the  uncertainty  associated  with  dissociation  en¬ 
ergies  derived  from  the  linear  Birge-Sponer  extrapolation,  providing  another 
useful  tool  for  estimating  thermochemical  data. 


Our  knowledge  of  the  thermochemical  properties  of 
metal  halide  systems  is  still  far  from  complete,  making 
it  necessary  to  rely  on  new  experimental  determina¬ 
tions  when  critical  data  needs  arise.  These  new  deter¬ 
minations  usually  cannot  be  synchronized  with  the 
urgent  data  needs  because  of  the  time,  expense,  and 
difficulty  associated  with  experimental  work.  In  addi¬ 
tion.  it  is  impractical  to  undertake  new  thermochemi¬ 
cal  measurements  for  every  compound  of  interest  It  is 
important  therefore,  to  develop  modeling  schemes 
that  can  provide  reliable  estimates  when  direct  experi¬ 
mental  measurements  are  lacking,  or  when  the  avail¬ 
able  data  are  conflicting. 

Two  models  that  have  proved  useful  in  dealing  with 
the  thermochemistry  of  metal  halides  are  the  electro- 
atatic  polarizable- ion  model  (1)  and  the  ioni  city-cor¬ 
rected  Birge-Sponer  extrapolation  (2).  As  is  always 
the  case,  these  models  have  certain  inherent  limita¬ 
tions  and  they  should  not  be  used  indiscriminately.  It 
is  'the  purpose  of  this  paper  to  point  out  the  important 
limitations  and  to  indicate  the  degree  of  reliability 
that  might  reasonably  be  expected  when  the  models 
are  applied  in  the  proper  fashion. 

Electrostatic  Model 

The  Rittner  polarizable-ion  model  was  originally 
applied  to  the  gaseous  diatomic  alkali  halide  molecules 
with  very  satisfactory  results  ( 1 ) .  A  later  comparison 
using  critically  evaluated  experimental  data  for  the 
alkali  halides  showed  the  agreement  between  calcu¬ 
lated  and  experimental  results  to  be  extraordinarily 
good  for  the  entire  series  (3).  It  might  logically  be  ex¬ 
pected  then  that  the  Rittner  model  can  be  successfully 
applied  to  other  metal  halides  of  interest  However, 
the  model  is  based  on  a  consideration  of  the  molecule 
as  an  assembly  of  free  gaseous  ions,  each  polarized 

Key  wards:  Mtiautad  thtrmochamlctl  prapartlm,  dlwocUUoo 
— trim,  sutoui  m«ui  balldw,  •lectrosutlc  aodtl  calculations, 
Blrgo-Spoasr  extrapolation 


by  the  field  of  the  other.  This  implies  a  high  degree  of 
charge  separation  in  the  molecule,  so  that  one  must 
apply  some  type  of  ionicity  criterion  to  candidate 
metal  halide  systems.  Metal  halide  molecules,  as  a 
class,  cover  a  wide  range  of  ionic-covalent  bonding 
character,  and  there  are  clearly  certain  molecular 
species  for  which  the  ionic  model  is  inappropriate.  Ad¬ 
ditionally,  it  should  be  recognized  that  the  Rittner 
model  is  not  a  comprehensive  model  in  the  sense 
that  molecular  properties  are  derived  solely  from  a 
consideration  of  the  electronic  structure,  as  with  a 
true  ab  initio  approach.  Rather,  properties  such  as 
ionic  binding  energy  and  dipole  moment  are  derived 
from  electrostatic  considerations,  using  certain  other 
properties  (intemuclear  distance,  vibrational  force 
constant,  ion  polarizabilities)  as  necessary  input 
An  especially  useful  ionicity  criterion,  used  as  a 
guide  in  the  present  work,  is  one  based  on  the  hypo¬ 
thetical  crossing  point  of  ionic  and  covalent  potential 
energy  curves  in  the  diatomic  molecule,  r„  and  its  re¬ 
lation  to  the  equilibrium  intemuclear  distance,  r,.  The 
rationale  underlying  this  approach  has  been  described 
by  Herzberg  (4)  and  stems  from  a  classification  of 
the  ground  state  potential  curves  according  to  their 
derivation  from  neutral  atoms  or  ions.  The  important 
parameter  here  is  the  energy  separation  between 
neutral  and  ionic  dissociation  limits,  which  for  metal 
halides  is  the  difference  between  the  first  ionization 
potential  (IPi)  of  the  metal  and  the  electron  affinity 
(EA)  of  the  halogen  atom  When  (IPi  —  EA)  is  rela¬ 
tively  small,  coulombic  binding  predominates,  while 
covalent  binding  obtains  at  large  ( EPj  —  EA).  This 
distinction  can  be  made  more  quantitative  by  con¬ 
sidering  the  ratio  rjr%,  where  r,  can  be  evaluated 
from  the  expression 


r,(A)  = 


14.40 

(IPl  -  EA) 


[1] 
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with  IP  and  EA  in  eV.  As  described  by  Herzberg  (4), 
molecules  tor  which  rjr ,  >  2  exhibit  largely  ionic 
binding,  while  those  with  tJt,  <  1.5  are  largely  cova¬ 
lent  In  the  intermediate  region,  both  types  ol  binding 
are  important  For  this  reason,  it  seems  justihed  to 
restrict  the  ionic  model  calculations  to  those  systems 
for  which  rjr,  >  2.  Data  to  be  shown  later  bear  this 
out  This  turns  out  to  be  a  useful  restriction,  and 
helps  avoid  application  of  the  ionic  model  into  areas 
of  questionable  validity. 

For  diatomic  molecules  MX,  the  energy  of  disso¬ 
ciation  to  neutral  atoms,  Do0,  can  be  evaluated  from 
the  expression 

Dt°(MX)  =  —  (r  -  ,)  +  ~  («,  +  as)  (r  -  ip) 

f*  2r* 

+  (r  -  7,)  -  (IPt  -  EA)  [2] 

r* 


which  includes  terms  for  charge-charge,  charge-in¬ 
duced  dipole,  and  dipole-dipole  interaction  and  for 
overlap  repulsion  In  this  expression  *  is  the  elec¬ 
tronic  charge,  r  is  the  equilibrium  intemuclear  separa¬ 
tion  «i  and  at  are  the  dipole  polarizabilities  of  M* 
and  X-,  respectively,  and  p  is  the  distance  parameter 
in  the  exponential  repulsion  term.  Other  expressions 
for  the  repulsion  term  (e.g.  r~»)  have  been  used  (S), 
but  the  exponential  formulotion  exp  (— r/p)  used 
by  Rittner  (1)  is  preferred  here  because  of  the  rela¬ 
tively  direct  and  systematic  way  in  which  p  is  evalu¬ 
ated.  Following  Rittner,  p  can  be  evaluated  from  the 
expression 

e*  2e*(ai  +  «t)  ,  14e*ola» 

r*  +  i*  +  r* 


p  = 


2e*  lOeMai  +  at)  112e*«i«i 

fc  +  ~  + - ? - +  — 7T~ 


13] 


where  k  is  the  vibrational  force  constant.  Equation 
[31  is  obtained  by  setting  the  first  derivative  of  the 
potential  energy  function  with  respect  to  internuclear 
separation  equal  to  zero  at  r„  the  second  derivative 
equal  to  k,  and  then  solving  for  *.  For  evaluation  of 
Do0  and  p,  r  is  set  equal  to  the  equilibrium  distance, 
r„  making  it  clear  that  the  accuracy  is  strongly  de¬ 
pendent  on  a  reliable  value  of  r,.  The  dipole  polariza¬ 
bilities  of  the  halide  ions  X~  have  been  determined 
experimentally,  while  values  for  the  free  ions  M+ 
often  have  not.  In  most  instances,  a(M+ )  can  be 
estimated  with  acceptable  accuracy  from  the  average 
value  of  the  radius  of  the  valence  electron  orbit  and 
the  IP  of  M*.  using  procedures  described  previously 
(8-9).  For  some  diatomic  metal  halides,  the  polariza¬ 
tion  terms  can  make  a  substantial  contribution  to  the 
total  energy,  making  it  necessary  to  use  some  care 
in  evaluating  a(M*).  Values  of  a(X~)  can  be  found 
in  the  review  paper  of  Dalgarno  (10) . 

Similar  expressions  can  be  derived  for  the  binding 
energies  of  symmetrical  MX,  and  planar  symmetric 
MX|  molecules.  For  the  dihalides,  the  energy  equa¬ 
tion  is 

D,»(MX»)  =  —  (4- - - -)  (r  -  p) 

r*  \  2  cos  a  / 


+  (  2  sin*  #a*  +  j"  4  +  *- - --1 

t*  \  L  18  cor*  a  cos  a  J  / 

(r  -  ip)  —  D>,  —  IP,  +  2EA  [4] 

where  a  is  related  to  the  X-M-X  apex  angle,  <p,  by 
the  relation  *  =  90*  —  biip.  «j  is  the  polarizability  of 
M+  ♦.  When  the  dihalide  is  linear  (a  =  0),  the  binding 
energy  equation  reduces  to 

e*  e'a] 

IV (MX,) UMmt  =  3.5—-(r-p)+  3.08 (/  -  Ap) 
r*  f* 

—  IP,  —  IPs  +  2EA  [5J 


Likewise  for  the  trihalides,  the  expression  becomes 
e*  e1 

D.o(MXj)  =7.27 - (r  —  p)  +  8.17  —  «i(f  -  Ap) 

ri  r» 

-  IP,  -  IP*  -  IP*  +  3EA  [8] 

for  the  planar  symmetric  configuration.  In  all  in¬ 
stances,  Do0  is  evaluated  at  the  equilibrium  intemu¬ 
clear  M-X  distance.  The  metal  ion  polarizability  does 
not  enter  into  Eq.  [5]  and  [6]  because  the  highly 
symmetrical  configurations  preclude  any  deformation 
polarization  ol  the  metal  ion.  Although  the  repulsion 
parameter  p  can  be  evaluated  in  a  straightforward 
manner  for  diatomic  MX,  as  shown  in  Eq.  [3),  the 
nature  of  the  repulsion  term  in  the  triatomic  and 
tetratomic  molecules  is  less  clear,  and  the  evaluation 
of  *  in  Eq.  [4-8)  is  more  difficult  Until  this  point 
is  explored  more  fully,  we  choose  to  evaluate  p  tor 
the  polyatomic  molecules  in  an  empirical  fashion,  as 
described  below.  Values  of  the  successive  ionization 
potentials  of  most  of  the  metals  are  available  in  the 
compilation  of  Moore  (11),  while  critically  selected 
values  of  the  electron  affinities  of  the  halogen  atoms 
are  given  by  Roaenstock  et  at.  (12). 

Group  I/A  halides. — The  utility  of  the  Rittner  elec¬ 
trostatic  model  can  be  illustrated  in  its  application 
to  the  thermochemical  properties  of  the  Group  IIA 
metal  halides.  The  outstanding  success  of  this  model 
in  reproducing  the  binding  energies  of  the  gaseous 
diatomic  alkali  halides  has  already  been  noted  (3). 
For  the  IIA  monohalides,  the  necessary  molecular 
constants  (internuclear  distances  and  vibrational  fre¬ 
quencies)  are  summarized  in  the  JANAF  Tables  (13), 
and  the  estimated  M*  polarizabilities  have  been  re¬ 
ported  (14).  In  Table  I,  dissociation  energies  calcu¬ 
lated  by  means  of  Eq.  [2]  and  [3]  are  compared  with 
experimental  thermochemical  values  which  are  now 
known  for  most  of  the  members  of  this  series  (9,  14. 
15).  For  these  and  subsequent  comparisons,  the  cal¬ 
culated  values  are  shown  above  the  experimental  values 
in  the  tables.  D,°  values  shown  in  parentheses  for 
BeBr,  Bel,  MgBr,  and  Mgl  were  estimated  from  re¬ 
lated  experimental  thermuchemical  data  (15),  the 
experimental  values  have  an  accuracy  of  about  2 
kcal/mole. 

For  those  molecules  lying  below  the  line  of  demar¬ 
cation  in  the  table,  rjr,  >  2,  and  they  would  be  ex¬ 
pected  to  have  sufficient  ionic  character  for  valid  ap¬ 
plication  of  the  Rittner  model.  As  can  be  seen,  the 
agreement  between  calculated  and  experimental  values 
in  that  part  of  the  table  is  quite  good.  For  those  mole¬ 
cules  in  Table  I  lying  above  the  line.  r,/r,  <  2.  and 
the  agreement  of  the  ionic  model  calculations  with  ex- 


Tsblt  I.  Calculated  and  opariraantal  ditwciahen  aaareia,  of 
IIA  awnelielida* 


r 

D*o,  keal/noU 

a  Br  I 

Bo 

117 

70 

49 

14 

us 

as 

(7J) 

(87) 

Ml 

100 

01 

SS 

SS 

108 

TS 

(SS) 

(«) 

Ct 

ISO 

07 

72  J 

SS 

120 

84 

73  I 

02 

Sr 

127 

92 

78 

61 

228 

00 

78 

64 

B* 

190 

100 

84 

68 

in 

104 

u 

72 

Tat  ucb  entry,  the  tonic  modal  calculation  la  shown  abort  tha 
asparimaoul  vtlua. 


1398 


J.  Electrochem.  So c.:  SOLID-STATE  SCIENCE  AND  TECHNOLOGY 


August  1979 


periment  is  generally  poorer,  becoming  progressively 
so  as  one  goes  to  the  least  ionic  case  of  Bel.  The  com¬ 
parisons  tend  to  bear  out  the  usefulness  of  the  ionicity 
criterion  r,/r„  and  show  that,  when  applied  in  the 
proper  domain,  the  electrostatic  model  yields  reason¬ 
ably  accurate  dissociation  energies.  Bear  in  mind,  how¬ 
ever,  that  the  molecular  constants  of  the  IIA  mono¬ 
halides  are  moderately  well  established,  so  that  rela¬ 
tively  little  uncertainty  is  introduced  in  the  input 
molecular  parameters  of  Eq.  [2]  and  (3).  Krasnov  and 
Karaseva  (16)  have  also  treated  the  IIA  monohalides 
by  means  of  the  Rittner  model,  using  a  somewhat  dif¬ 
ferent  approach  for  evaluating  the  molecular  param¬ 
eters,  and  obtain  ionic  binding  energies  in  close  agree¬ 
ment  with  those  calculated  in  this  work.  However, 
their  recommended  Do°(MX)  values  must  be  viewed 
with  caution  because  the  EA(X)  data  employed  are 
not  consistent  with  those  adopted  here.  In  addition, 
Krasnov  and  Karaseva  (16)  have  reached  a  somewhat 
different  conclusion  about  the  validity  of  the  ionic 
model,  indicating  that  in  most  instances  it  yields  only 
a  lower  bound  to  the  true  Do0.  Blue  et  al.  (8)  have 
applied  the  Rittner  model  to  the  IIA  monofluorides, 
with  results  in  good  agreement  with  those  given  here. 
Over-all,  the  results  for  the  IIA  monohalides  provide 
encouraging  support  for  the  Rittner  model.  It  is  worth 
noting  that  the  IIA  halides  are  a  more  stringent  test 
of  the  Rittner  model  than  the  alkali  halides,  since  with 
the  former  the  polarization  terms  contribute  substan¬ 
tially  more  to  the  binding  energy. 

Turning  now  to  the  IIA  dihalides,  heats  of  disso¬ 
ciation  were  calculated  from  Eq.  [4]  using  molecular 
constant  data  summarized  in  the  JANAF  Tables  (13). 
The  calculations  were  limited  to  the  Ca,  Sr,  and  Ba 
dihalides  in  view  of  the  results  on  the  monohalides 
and  the  ionicity  criterion.  Note  that  the  molecular 
geometry  varies  considerably  in  this  series.  Prelimi¬ 
nary  calculations  showed  that  use  of  the  diatomic  p 
values  led  to  consistently  low  binding  energies;  on 
selecting  p(MX2)  =  0.8  p(MX),  one  obtains  good 
agreement  between  calculated  and  experimental  dis¬ 
sociation  energies  throughout  the  series.  The  com¬ 
parisons  are  given  in  Table  II,  with  the  X-M-X  apex 
angle  used  in  the  calculations  shown  in  parentheses. 
Experimental  values  of  Do°(MX2)  are  taken  largely 
from  the  JANAF  Tables  (13).  The  dependence  of  the 
calculated  D0“(MX2)  on  apex  angle  is  small,  but  not 
insignificant,  due  to  the  increased  repulsion  between 
halide  ions  as  the  structure  deviates  from  linearity 
in  the  simplified  model  used  here.  Guido  and  Gigli 
(17)  have  presented  a  much  more  detailed  treatment  of 
the  Rittner  model  as  applied  to  the  HA  dihalides,  but 
the  added  complexity  precludes  easy  application  of  the 
model,  and  does  not  yield  binding  energies  in  better 
agreement  with  experiment.  The  objective  of  the  pres¬ 
ent  work  is  to  point  out  the  usefulness  of  a  relatively 
simple  approach  and  to  indicate  the  quality  of  results 
that  can  be  obtained  when  the  molecular  constants 
are  relatively  well  established.  The  data  in  Table  n 
suggest  that  an  empirical  selection  of  p(MX2)  as  de¬ 
scribed  above  will  be  satisfactory  in  other  MX-MX2 
systems. 


Tabls  II.  Calculat'd  and  experimental  dissociation  energies  of 
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Scandium-group  fluorides. — Another  test  of  the 
model  is  offered  by  the  scandium-group  fluorides, 
which  fall  well  within  the  ionicity  criterion.  Taking 
spectroscopic  and  molecular  constants  from  several 
available  sources  (18,  19),  one  calculates  dissociation 
energies  of  the  MF,  MF2,  and  MF3  species  which  are 
in  fairly  good  agreement  with  the  experimental  values 
of  Zmbov  and  Margrave  for  the  Sc-F  and  Y-F  systems 
(20).  The  latter  contain  estimated  uncertainties  of 
from  3  to  10  kcal/mole.  Agreement  with  the  estimated 
D0“  values  (20)  for  the  La-F  series  also  appears  rea¬ 
sonable.  Calculated  and  experimental  results  are 
shown  in  Table  III.  In  calculating  the  difluoride  and 
trifluoride  binding  energies  from  Eq.  [4]  and  [6],  it 
was  assumed  that  p(MX2)  =  0.8  p(MX)  as  found  for 
the  IIA  dihalides,  and  that  p’(MX3)  =  p(MX).  Only 
for  ScF:  is  there  an  appreciable  deviation,  and  this 
needs  further  scrutiny.  Note  that  the  required  molec¬ 
ular  input  parameters  have  been  determined  for  the 
monofluorides  and  partially  for  the  trifluorides;  values 
for  the  difluorides  are  estimates  and  therefore  con¬ 
tribute  an  additional  uncertainty  to  the  calculations. 

Lanthanide  mono  fluorides. — The  lanthanide  metals 
are  basically  an  extension  of  the  barium  series,  in 
which  the  inner  5d  and  4f  orbitals  are  being  filled 
while  maintaining  the  same  outer  6s2  valence  electron 
configuration.  As  such,  the  ionization  energies  remain 
low  (21-23)  and  the  gaseous  fluorides  are  expected  to 
fall  within  the  proper  ionicity  range  for  valid  appli¬ 
cation  of  the  Rittner  model.  The  few  instances  in 
which  internuclear  distances  have  been  determined 
(TbF,  HoF,  YbF)  all  show  that  rt/r,  >>  2.  Zmbov 
and  Margrave  (24)  have  reported  experimental  dis¬ 
sociation  energies  for  a  few  of  the  lanthanide  fluorides 
and  have  estimated  the  remainder.  It  would  be  espe¬ 
cially  instructive  to  compare  these  values  with  the 
predictions  of  the  Rittner  model  and  to  improve  the 
reliability  of  the  estimates,  if  possible.  It  may  also 
prove  possible  later  to  extend  the  model  calculations 
to  the  large  number  of  other  lanthanide  halides  for 
which  no  data  are  available. 

In  the  absence  of  experimental  values,  it  was  as¬ 
sumed  that  rt  =  2.00  ±  0.05A  across  the  La  to  Lu  series 
of  monofluorides.  This  agrees  with  the  known  values 
for  TbF  (25),  HoF  (26),  and  YbF  (27)  and  is  compati¬ 
ble  with  the  effect  of  the  lanthanide  contraction,  which 
causes  the  molecular  constants  of  these  fluorides  to  be 
similar  to  those  of  SrF.  Further,  it  was  assumed  that 
a(Ln+)  would  be  close  to  a(Sr+).  With  these  input 
data,  values  of  D0o(LnF)  were  calculated  using  the 
ionic  model,  and  the  results  are  compared  with  ex¬ 
periment  in  Table  IV;  estimates  are  in  parentheses. 
Agreement  with  directly  measured  values  is  good  in 
all  cases  except  that  of  GdF;  further  experimental  in¬ 
formation,  particularly  on  the  spectroscopic  con¬ 
stants  of  GdF,  may  point  up  the  reasons  for  the  dis¬ 
crepancy.  The  results  appear  very  promising,  and  in¬ 
dicate  that  the  calculated  values  may  be  more  reliable 
than  the  estimated  Do0  values. 

The  most  critical  item  here  is  the  lack  of  informa¬ 
tion  about  the  equilibrium  internuclear  distances.  As 

Tobl*  III.  Calculated  end  experimental  dissociation  energies  of 
scandium  group  fluorides 
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Table  IV.  Calculated  and  experimental  dissociation  energies  of 
Lanthanide  monofluorides 
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more  experimental  information  becomes  available,  or 
as  more  sophisticated  schemes  are  developed  for  esti¬ 
mating  these  distances,  the  accuracy  of  the  calcula¬ 
tions  will  be  improved  considerably.  It  should  then  be 
feasible  to  extend  the  model  calculations  to  the  poly¬ 
atomic  fluorides  and  to  many  of  the  other  lanthanide 
halides  as  well,  provided  the  ionicity  criterion  can 
be  met. 

Conclusions. — When  applied  to  sufficiently  ionic 
molecular  systems,  as  judged  by  the  ionicity  criterion 
tJt,.  the  Rittner  electrostatic  model  yields  calculated 
dissociation  energies  that  are  in  good  agreement  with 
experiment  for  a  number  of  diatomic  and  polyatomic 
halides.  The  accuracy  of  the  calculated  values,  how¬ 
ever,  is  sensitive  to  the  quality  of  the  molecular 
input  parameters  (especially  the  equilibrium  inter- 
nuclear  distance)  and  the  best  results  are  obtained 
when  these  parameters  have  been  established  ex¬ 
perimentally.  Whenever  estimates  of  the  molecular 
parameters  must  be  used,  it  should  be  recognized  that 
the  quality  of  the  calculated  results  will  be  strongly 
dependent  on  the  reliability  of  those  estimates. 

At  present,  there  is  considerable  uncertainty  about 
the  nature  of  the  overlap  repulsion  contribution.  Fol¬ 
lowing  Rittner,  the  use  of  an  exponential  repulsion 
term  in  which  the  parameter  p  is  evaluated  from  other 
molecular  and  atomic  constants  seems  to  produce 
quite  good  results  for  the  diatomic  metal  halides.  Until 
a  more  satisfactory  method  for  evaluating  p  in  poly¬ 
atomic  molecules  is  developed,  it  appears  that  an  em¬ 
pirical  selection  based  on  the  value  of  p  (diatomic) 
will  be  adequate. 

Birge-Sponer  Extrapolation 

An  alternate  method  for  estimating  the  dissociation 
energies  of  diatomic  molecules  is  based  on  the  well- 
known  Birge-Sponer  extrapolation  of  vibrational  en¬ 
ergy  levels  to  the  dissociation  limit.  In  many  instances, 
only  a  few  of  the  lower  vibrational  levels  are  known, 
and  this  has  led  to  the  practice  of  using  a  linear  ex¬ 
trapolation  to  estimate  the  rate  of  convergence  of  the 
higher  levels,  the  so-called  linear  Birge-Sponer  ex¬ 
trapolation  (LBX).  It  has  been  recognized  for  some 
time  that  the  linear  extrapolation  may  be  unreliable, 
and  the  method  has  generally  fallen  into  disrepute.  A 
detailed  review  of  the  Birge-Sponer  extrapolation  and 
its  many  complexities  is  given  by  Gaydon  (28). 

Recently,  however,  it  has  been  shown  that  a  sys¬ 
tematic  correction  applied  to  D0°(LBX)  based  on  the 
degree  of  ionic  character  in  the  molecule  yields  esti¬ 
mated  Do0  values  in  fairly  good  agreement  with  ex¬ 
periment  for  a  number  of  molecules  of  varying  ionic 
character  (2).  The  rationale  for  this  correction  de¬ 
rives  from  the  observation  that,  as  a  result  of  the 
two  different  types  of  vibrational  potential  functions, 
the  vibrational  energy  levels  of  a  typical  covalent 
molecule  converge  more  steeply  than  the  linear  rate, 


Table  V.  Comparison  of  experimental  ond  colculoted  dissociation 
energies 


Doo(  MX  j ,  keel/ mole 


LBX 


MX 

Exptl. 

LBX 

(com 

r»/r* 

C*F 

126.4 

90 

125 

2-66 

Ca  Cl 

64.2 

75 

95 

2.36 

CaBr 

73.4 

67 

77 

2.04 

Cal 

62.1 

00 

68 

1.71 

SrF 

128.7 

80 

124 

2.10 

SrCl 

65.9 

69 

97 

2.72 

Sr  ASA* 

78.7 

65 

81 

226 

Sri 

63.6 

52 

57 

1.88 

BaF 

136.5 

87 

157 

3.79 

BaCl 

104.4 

62 

102 

3.36 

B&Br 

155 

64 

90 

2.71 

Bal 

71.6 

57 

69 

2.18 

while  those  of  an  ionic  molecule  converge  more 
slowly.  Therefore,  the  D0°(LBX)  values  of  covalent 
molecules  will  tend  to  be  too  high  and  those  of  ionic 
molecules  will  be  too  low.  This  suggests  that  the  ap¬ 
plication  of  a  correction  to  D0°(LBX),  related  to  the 
degree  of  ionicity,  might  yield  more  reasonable  results. 

One  finds  that  the  ratio  of  the  true  dissociation  en¬ 
ergy  to  the  linearly  extrapolated  value,  Do°/Do°(LBX), 
correlates  very  smoothly  with  the  ionicity  parameter 
r*/rt  and  that  the  analysis  of  data  for  a  number  of 
metal  halides  leads  to  the  simple  linear  relationship 

Do°/D0»(LBX)  a:  0.374(r,/r.)  +  0.390  [7] 

This  approach  has  been  described  previously  (2), 
and  the  details  need  not  be  repeated  here. 

As  input  data  for  evaluating  Do" (LBX)  from  the 
relation 

Do°(LBX)  =  — - %  <■>.  [8] 

4utX' 

it  is  especially  important  to  have  reliable  values  of 
the  vibrational  anharmonicity  constant,  o>xe.  Values 
of  the  vibrational  constant  ut  are  generally  available 
with  sufficient  accuracy,  but  whenever  the  constants 
are  derived  from  electronic  band  spectra  using  band 
head  positions  rather  than  origins  in  weakly  degraded 
systems,  the  resulting  value  of  may  be  unreliable. 
One  should  be  aware  of  this  potential  limitation  in 
evaluating  Do0 (LBX). 

As  an  illustration  of  the  type  of  results  that  can 
be  obtained,  the  simple  and  corrected  values  of 
Do°(LBX)  for  the  Ca,  Sr,  and  Ba  monohalides  are 
compared  with  experimental  results  in  Table  V.  The 
ionicity  corrections,  using  Eq.  [7],  generally  brings 
the  Birge-Sponer  values  into  reasonable  agreement 
with  the  directly  measured  values.  It  is  believed  that 
instances  of  poor  correlation  (e.g.,  BaF)  can  be  traced 
to  inaccurate  vibrational  constants,  pointing  up  the 
need  for  due  caution  in  any  hasty  application  of  the 
model.  When  used  with  care,  it  is  believed  that  the 
modified  Birge-Sponer  extrapolation  can  serve  as  an¬ 
other  useful  tool  for  the  estimation  of  reliable  thermo¬ 
chemical  data. 
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High  temperaiure  gaseous  reaction  equilibria  involving  GdO,  HoO,  ErO,  TmO.  LuO.  and  certain  reference 
oxides  have  been  studied  by  mass  spectrometry,  using  a  molecular  effusion  beam  source.  From  the  reaction 
thermochemistry,  the  dissociation  energies,  JJ0°.  were  derived  as  169.5*3  kcal/mol  (GdO),  144.1*3 
kcal/mol  (HoO),  143.9*3  kcal/mol  (ErO),  121.8*3  kcal/mol  (TmO),  and  159.4*2  kcal/mol  (LuO).  Some 
of  these  values  difTer  substantially  from  previous  determinations.  However,  the  new  results  together  with 
several  recent  determinations  and  re-evaluations  yield  a  consistent  set  of  results  for  the  entire  senes  from  LaO 
to  LuO.  Trends  in  Z>°  values  across  the  series  can  be  correlated  remarkably  well  with  changes  in  the 
4/'6s:-*4/*'15d6sI  electronic  promotion  energies  in  the  gaseous  metal  atoms.  Various  aspects  of  the 
bonding  are  discussed. 


INTRODUCTION 

'  The  gaseous  monoxides  of  the  14  lanthanide  (rare- 
earth)  metals  in  the  series  stretching  from  cerium  to 
lutetium  have  been  subjected  to  a  number  of  thermo- 
chemical  investigations,  yet  the  dissociation  energies 
(X>jJ)  of  some  members  of  the  series  remain  relatively 
uncertain.  Ames,  Walsh,  and  White1  carried  out  the 
first  comprehensive  thermochemical  study  of  these 
monoxides  using  a  combination  of  mass  spectrometric 
and  Knudsen  effusion  techniques,  and  recognized  the 
utility  of  correlating  the  resulting  trends  in  D°a  across 
the  series  with  the  electronic  structure  of  the  metal 
atoms.  In  particular,  the  so-called  double  periodicity 
in  the  values  of  D°  was  found  to  correlate  closely  with 
the  filling  of  the  lanthanide  4/  orbitals,  and  deviations 
of  the  JD°  values  from  a  common  baseline  could  appar¬ 
ently  be  accounted  for  by  the  changes  in  4/"  -  4/"'1  id 
promotion  energies  of  the  divalent  lanthanide  metal 
ions.  Two  notable  exceptions  to  this  latter  correlation, 
however,  were  EuO  and  TmO,  where  the  experimental 
values  of  D%  were  almost  20  kcal/ mol  higher  than  the 
predicted  values.  Krause*  later  reviewed  the  status  of 
the  lanthanide  monoxide  data  in  detail  and  reinterpreted 
some  of  the  measurements;  however,  the  recommended 
Dj  values  did  not  differ  appreciably  from  those  reported 
by  Ames,  Walsh,  and  White. 1 

Subsequently,  a  new  thermochemical  study*  yielded 
a  value  of  Dg(EuO)  some  22  kcal/mol  lower  than  the  re¬ 
sult  of  Ames  et  al. 1  This  new  result  for  EuO  was  cor¬ 
roborated  by  an  Eu  +0,  molecular  beam  study4  and  by  an 
additional  equilibrium  study.*  Further  equilibrium  mea¬ 
surements*  on  SmO  led  to  a  Z3°  value  about  6  kcal/mol 
lower  than  that  reported  earlier, 1  and  resolved  an  in¬ 
consistency  between  f)J(SmO)  and  Z)J(EuO).  On  the  other 
hand,  re-examination  of  PrO  and  NdO  by  equilibrium 
mass  spectrometry7  gave  results  only  slightly  lower 
than  those  of  Ames  et  al. 1  And  another  crossed  molecu¬ 
lar  beam  study*  yielded  a  value  of  fJ®(YbO)  about  10  kcal/ 
mol  higher  than  the  upper  bound  reported  in  the  earlier 
effusion  studies. 1  • 


In  order  to  do  a  more  quantitative  evaluation  of  the 
promotion  energy  correlation  outlined  by  Ames  et  al.,' 
it  seemed  necessary  to  re-examine  several  additional 
monoxides  so  as  to  put  the  model  to  a  fair  test.  Since 
a  key  feature  of  the  model  concerns  deviations  of  the 
experimental  D §  values  from  a  baseline  defined  by  those 
metals  with  4/"5rf 6s*  ground  states  (La,  Ce,  Gd,  Lu),  it 
is  especially  important  to  fix  these  benchmarks;  l?2(LaO) 
and  DS(CeO)  are  considered  to  be  well  established,  but 
the  values*  for  GdO  and  LuO  need  corroboration.  Like¬ 
wise,  the  data  for  HoO,  ErO,  and  TmO  appear  to  be 
somewhat  at  odds  with  the  promotional  energy  model. 1 
Accodingly,  new  experimental  determinations  of  the  dis¬ 
sociation  energies  of  GdO,  HoO,  ErO,  TmO,  and  LuO 
were  undertaken  by  means  of  high  temperature  mass 
spectrometry.  These  results,  their  correlation  with 
the  promotional  energy  model,  and  the  properties  of  the 
lanthanide  monoxide  series  as  a  whole  are  described  in 
this  paper. 


EXPERIMENTAL 

The  desired  dissociation  energies  were  derived  from 
high  temperature  gaseous  equilibrium  measurements 
monitored  by  mass  spectrometry.  Two  separate,  but 
quite  similar,  instruments  were  used;  these  were  of 
the  30. 5  cm,  60°  sector  magnetic  deflection  type  used 
in  previous  work.*  Studies  of  the  GdO,  HoO,  and  ErO 
systems  were  done  with  the  AFGL  spectrometer,  while 
those  on  TmO  and  LuO  were  done  with  the  SRI  instru¬ 
ment. 

Effusion  oven  beams  containing  the  pertinent  gaseous 
species  were  generated  by  vaporizing  mixtures  of  the 
appropriate  metals  and  metal  oxides  from  molybdenum 
effusion  cells.  The  solid  phase  mixtures  used  in  the 
various  experiments  are  summarized  in  Table  I.  Sam¬ 
ples  were  of  reagent  grade  quality,  but  high  purity  gen¬ 
erally  is  not  a  critical  factor  in  work  of  this  type  since 
mass  analysis  provides  a  selective  method  for  monitor¬ 
ing  only  the  particular  gaseous  species  of  interest. 
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TABLE  I.  Sample*  used  for  gageratloo  ot 
affusion  beam*. 


System  Solid  phases 


Gd-Y-O 

Gd,0,.  Y.  YjO, 

Gd-Ti-O 

Gd,  Gd;0],  TIOj 

Ho-Er-Ti-0 

HOjOj,  Er,Oj,  Tl,  TIO, 

Tm-Al-O 

TiUjOj,  AljOj 

Lu-Y-O 

Lu.  Lu-Oj,  Y.  Y,Oj 

Following  customary  procedure,  the  response  of  each 
signal  to  displacement  ot  the  molecular  beam  defining 
slit  was  checked  to  ascertain  the  effusion  cell  origin. 
This  slit  test  proved  to  be  particularly  important  in  the 
Tm-Al-O  studies,  where  Initial  vaporization  of  a 
TmjO,-Al,0,  mixture  from  a  molybdenum  cell  yielded 
a  Tm*  parent  signal  with  a  neutral  beam  profile  much 
broader  than  the  normal  sharp  profile  observed  with 
highly  condensible  species.  Inspection  showed  that  the 
sample  had  formed  a  liquid  phase  which  crept  onto  the 
outside  surface  of  the  cell  via  the  slip  fit  joint  connecting 
the  upper  and  lower  sections  of  the  effusion  cell.  After 
enclosing  the  cell  In  a  cover  fabricated  from  tantalum 
sheet,  the  Tm*  profiles  exhibited  normal  behavior;  ap¬ 
parently  the  Ta  shroud  effectively  trapped  the  vapors 
emanating  from  the  outside  surface,  and  no  further 
problems  were  encountered. 

Details  of  the  experimental  procedure  and  interpreta¬ 
tion  of  the  data,  including  determination  of  ion  appear¬ 
ance  potentials,  temperature  measurement,  and  deriva¬ 
tion  of  reaction  equilibrium  constants  (Kk)  from  parent 


TABLE  O.  Appearance  potentials  of  Iona 
measured  in  this  study.  * 


loo 

Appearance 
potential  (eV) 

Literature 
value  leV) 

Gd* 

S.laO.l 

6.15* 

GdO* 

S.  7*  0. 5 

5.75* 

Ho* 

6. 1*0.5 

6.02* 

HoO* 

6. 1*0. 5 

6. 17" 

Er* 

6. 1*0.5 

6.  U» 

ErO* 

«. 2*0.5 

6.30* 

Tm* 

6.5*1 

6.18* 

TmO* 

6.5*1 

6.44* 

Lu* 

5. 5*0.  5 

5. 43* 

LuO* 

6.5*0. 5 

6.7»» 

Y* 

6.4*0. 3.  6. 5*0. 3 

6.36* 

YO* 

6. 4*0. 5,  6. 0*0. 3 

5.  65* 

Tl* 

6. 6*0.5.  6. 5*0. 3 

6.62* 

TIO* 

6.  »*0.5.  6.  .'*0.3 

6.70,*  8.41 

Al* 

6. 0*0.  5 

3.»F 

AiO* 

9.5*0. 5 

».  53* 

‘Appearance  poceer  iaia  were  evaluated 
ualac  the  vanishing  current  method. 
"Reference  10. 

*Re(ereoce  11. 

•Reference  12. 

•Reference  13. 

'Reference  14. 

•Reference  13. 

"Reference  IS. 


TABLE  m.  Equilibrium  data  for  tha  reaction 
Odtg t  ♦  TtOff  i  *  CdOif  i  -  Titg). 


r/K 

A/r0  inn 

(kcal/mol) 

1957 

24.4 

-  11.7 

1973 

22.1 

-11.4 

1977 

20.6 

-  11.2 

24.1 

-11.8  • 

1990 

20.2 

-  11.2 

1995 

21.2 

-  11.4 

2005 

21.5 

-  11.5 

2009 

22.6 

-  11.7 

2019 

22.7 

-11.8 

2024 

19.6 

-11.3 

Average  Afl;  (III) 

<m 

■  -11.5*2  kcal/mol 

■  -  12.2*7.5  kcal/mol 

ion  abundance  ratios  are  given  in  previous  publica¬ 
tions. 5l*  As  in  past  work,  equilibrium  data  were  taken 
from  parent  ion  signals  measured  with  low  energy  ion¬ 
izing  electrons,  generally  3  to  5  eV  above  threshold.  In 
a  few  instances,  higher  ionizing  energies  (20  eV)  were 
used  to  increase  sensitivity,  after  it  was  ascertained 
that  the  derived  equilibrium  constant  was  unaffected  by 
use  of  the  higher  energies. 

RESULTS 

Gaseous  species  present  in  the  effusion  beams  were 
identified  from  the  masses  and  appearance  potentials 
Of  the  ions  formed  by  electron  impact.  The  observed 
appearance  potentials  are  summarized  in  Table  U,  and 
compared  with  values  of  the  ionization  potentials  of  the 
corresponding  neutrals.  The  magnitudes  of  the  appear¬ 
ance  potentials  and  the  general  accord  with  literature 
values  provide  conclusive  evidence  for  the  presence  of 
the  metals  and  metal  monoxides  in  the  effusion  oven 
beams .  Gaseous  equilibria  studied  and  derived  results 
are  discussed  below.  Thermodynamic  functions  used  in 
the  analysis  of  the  equilibrium  data  were  taken  irom 
sources  described  in  the  Appendix. 

The  measured  reaction  equilibrium  constants  and  de¬ 
rived  enthalpy  changes  are  presented  in  Tables  HI  to  VII, 
and  a  summary  of  the  derived  results  is  given  in  Table 
VQI.  It  is  expected  that  the  temperature  correction  to 
the  second  Law  enthalpies  will  be  relatively  small,  so 
that  the  slope  values  at  the  average  experimental  tem¬ 
peratures  can  be  compared  directly  with  the  third  law 
values  of  For  the  Lu-Y-O  system,  where  the 
molecular  electronic  levels  are  believed  to  be  known 
reasonably  well,  the  correction  to  AW^  from  1000  to 
0  K  Is  0. 8  kcal/mol.  Although  the  second  law  enthalpies 
are  not  sufficiently  precise  and  accurate  to  stand  alone 
as  definitive  determinations,  the  accord  with  third  law 
values  is  in  most  instances  sufficient  to  corroborate  the 
choice  of  spectroscopic  constants  for  the  lanthanide  ox¬ 
ides.  The  derived  thennochemical  data  presented  here, 
therefore,  are  based  entirely  on  third  law  analysis. 

The  principal  sources  of  error  in  the  third  law  enthal¬ 
pies  arise  from  uncertainties  in  the  evaluation  of  the  re¬ 
action  equilibrium  constants  and  in  the  thermodynamic 
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TABLE  IV.  Equilibrium  data  (or  the  reuc 


tion  Gd(^) 

-  YOtft 

»  GdGl^>  ♦  Y(g). 

(III) 

7YK 

(kcal  mol) 

1908 

1.13 

0.8 

1909 

1.13 

0.6 

1924 

1.12 

0.8 

1930 

1.13 

0.8 

1937 

1.06 

1.0 

1940 

1.09 

0.9 

1941 

1.06 

1.0 

1947 

1.11 

0.9 

1951 

1.12 

0.8 

1953 

1.14 

0.8 

1961 

1.09 

0.9 

1961 

1.08 

1.0 

1965 

1.12 

0.8 

1970 

1.14 

0.  75 

1977 

1.14 

0.75 

Average  A/f;  (nil  =  *  0. 9±  3  kcal/mol 

(III  -0.1  *2. 3  kcal/mol 

functions  of  the  lanthanide  monoxides.  In  going  one  step 
further  to  derive  the  dissociation  energies  of  the  lan¬ 
thanide  oxides,  an  additional  uncertainty  stems  from 
possible  errors  in  the  values  of  the  reference  oxides 
YO,  TiO,  and  AlO.  The  estimated  errors  take  these 
sources  into  account,  and  yield  uncertainties  of  ±  2  kca 1/ 
mol  in  A/fJ  and  ±  3  kcal/mol  in  Z)jj(MO).  Selected  Z>°  val¬ 
ues  of  the  reference  oxides  used  in  this  work  are  also 
given  in  the  Appendix. 

DISCUSSION 

The  newly  determined  values  of  ZJj  derived  from  the 
results  of  this  research  are  (GdO)  =  169. 5 ±  3  kcal/ 


TABLE  V.  Equilibrium  data  for  the  reactions  Er(g) 
*  TiO(g)  =  ErO(g)  *  Ti(g)  (1),  and  Ho(g)  a  TlOfg) 
*HoO<g>-Ti<g7  (2). 


T/K 

*„(1) 

A«5  (Oil 
(kcal/mol) 

Km<2) 

AHl  (Oil 
(kcal/mol) 

1855 

0.053 

14.5 

0.066 

13.6 

1884 

0.067 

13.8 

0.063 

14.0 

1973 

0.054 

15.3 

0.083 

13.6 

2012 

0.079 

14.1 

0.070 

14.5 

2078 

0.072 

15.0 

... 

... 

2094 

0.072 

15.1 

0.070 

14.5 

2108 

0.094 

14.0 

0.080 

14.6 

2136 

0.087 

14.6 

0.073 

15.2 

2153 

0.085 

14.8 

0.104 

13.8 

2165 

0.104 

14.0 

0.083 

14.9 

2178 

... 

... 

0.  097 

14.3 

Reaction  (1): 

Average  Aff;  (HI) »  14. 5*  3  kcal/mol 
ClU 204S  (II)  •  13. 2 a  2.  t  kcal/mol 

Reaction  (2): 

Average  AH’,  (IH) « 14. 3a  3  kcal/mol 
A/f^j,  (HI  -  8 . 2*  2. 3  kcal/mol 


TABLE  VI.  Equilibrium  data  for  the  reac 


tlon  Al(gl  - 

T  mOig) 

=  AlOig)  *  Tmtfh 

T>  K 

<ni) 

(kcal/mol) 

2249 

0.33 

0.0 

2292 

0.32 

0.2 

2292 

0.37 

-  0.4 

2303 

0.36 

-0.3 

2303 

0.35 

-0.2 

2364 

0.36 

-0.3 

Average  A«J  (HI)  =  -  0. 2±  3  kcal/mol 

mol;  Dg(HoO)  =  144. 1±  3  kcal/mol;  Z>S(ErO)  =  143. 9  a  3 
kcal/mol;  Djj(TmO)  =  121. 8±  3  kcal/mol;  and  LuO) 

=  159. 4±  2  kcal/mol.  The  value  for  GdO  does  not  differ 
significantly  from  that  originally  reported  by  Ames  et 
at. 1  (173. 0  kcal/mol)  or  from  the  selected  value  of 
Krause2  (169  kcal/mol)  based  on  a  re-evaluation  of  the 
literature  in  1974.  However,  the  new  values  for  HoO, 
ErC,  TmO,  and  LuO  are  6,  8,  17,  and  8  kcal/mol,  re¬ 
spectively,  lower  than  the  selected  results  of  Ames  et 
al. , 1  and  are  similarly  lower  than  the  revised  data  of 
Krause*  for  all  but  LuO,  where  a  somewhat  lower  value 
of  162  kcal/mol  was  chosen.  There  is  as  yet  no  fully 
satisfactory  explanation  for  the  differences  but  recent 
redeterm’inations  on  EuO3  and  Smtf  suggest  that  inter¬ 
actions  between  sample  and  container  adversely  affected 
some  of  the  earlier  Knudsen  mass  effusion  rate  mea¬ 
surements,  1  and  that  some  of  the  mass  spectrometric 
equilibrium  data  obtained  in  those  same  studies'  con¬ 
tained  significant  systematic  errors.  The  Djj(MO)  data 
reported  here  are  believed  to  be  accurate  within  the  esti¬ 
mated  errors  and  are  selected  as  “best  values”  along 
with  the  more  recent  data  on  PrO, 7  NdO, 1  and  EuO. 5-5 

For  the  remaining  oxides  in  the  LaO-LuO  series,  the 
value  Z>£(LaO)  =  190*  1  kcal/mol  is  selected  largely  from 
the  equilibrium  studies  of  Ackermann  and  Rauh, 17  while 
a  recommended  value  f?jJ(YbO)  =95  ±5  kcal/mol  is  chosen 


TABLE  VII.  Equilibrium  data  for  the  reaction 
Lufg)  +  YO(g) «  LuO(g)  *  Y(g). 


T/K 

A„xl0’ 

Aif;  (Hi) 

(kcal/mol) 

1849 

8.35 

10.5 

1863 

8.09 

10.7 

1864 

8.27 

10.6 

1867 

8.24 

10.6 

1888 

8.45 

10.6 

1888 

8.38 

10.7 

1906 

8.78 

10.6 

1916 

6.89 

10.6 

1924 

9.09 

10.6 

1924 

8.95 

10.6 

1944 

9.62 

10.4 

1944 

9.30 

10.6 

1944 

9.40 

10.5 

1944 

9.19 

10.6 

Average  AH}  (HI) 

>  10.6a  3  kcal/mol 

•  11.0a  0. 9  kcal/mol 
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TABLE  vtll.  Summary  oi  reaction  thermochemistry  and 
derived  results. 


Caseous  reaction 

(kcal  mol) 

an) 

(kcal/mol) 

Rtaults  (kcal/mol) 

Gd  -  TiO-GdO-  Ti 

-12.2*7.5 

-11.5 

£>S<GdO)«  169.  9 

Gd  *  YO-GdO*  Y 

-0.1*  2.3 

*0.9 

A}(GdO).  169.1 

Ho-  TlO-  HoO-  TI 

(-8.2*2.21 

*  14.3 

£>4 (HoO)  »  144. 1 

Er-TiO»ErO-Ti 

♦  13.2*  2.  9 

*14.5 

05 (ErO)  -  143.  9 

Al  ■*  TmO*  AlO-  Tm 

1*8.0*  8.1) 

-0.2 

DJ  (TmO)  •  121.  6 

Lu*  VO  -  LuO*  Y 

*n. 0*0. a 

*10.6 

OJILuOi.  188.4 

from  the  crossed  molecular  beam  studies  of  Coamoviei 
et  al.*  Our  selected  value  for  CeO,  Cj(CeO)  •  188 1 4 
kcal/mol,  is  based  on  second  law  studies  of  the  LaO- 
CeO  exchange  reaction  by  Drowart  and  co-workersw; 
the  values  Z?S<  TbO) « 185*  5  kcal/mol  and  JOg(OyO)  *  148 
*  5  kcal/mol  are  recalculated  from  the  gaseous  equi¬ 
librium  and  vaporization  data  reported  by  Ames  et  al.' 
with  the  thermodynamic  functions  described  in  the  Ap¬ 
pendix.  The  selected  values  of  2J®  for  the  entire  series, 
believed  to  be  the  most  internally  consistent  and  reliable 
set  available,  are  summarized  in  Table  IX. 

Ames  and  co-workers'  initially  noted  the  doubly  peri¬ 
odic  variation  in  oS(MO)  across  the  lanthanide  series, 
and  commented  on  similarities  with  corresponding  varia¬ 
tions  in  the  enthalpies  ol  sublimation  of  the  metals.  As 
mentioned  above,  it  was  found  that  the  experimental  val¬ 
ues  of  Dj(MO)  for  those  gaseous  metal  atoms  with  4/"6s* 
ground  states  could  be  correlated  with  the.4/*-4/’*‘5rf 
excitation  energies  £  of  the  divalent  metal  ions  deter¬ 
mined  by  Jdrgensen"  from  measurements  in  solution. 

It  was  noted  that  the  dissociation  energies  of  the  monox¬ 
ides  of  those  metals  with  4/"5 d  8 s*  ground  states  (La, 

Ce,  Gd,  Lu)  formed  a  more  or  less  common  baseline 
across  the  series,  and  that  the  D®  values  of  the  oxides 
of  metals  with  4/’  8s1  ground  states  fell  below  this  base¬ 
line  by  an  amount  approximately  equal  to  A£.  The 
rationale  for  this  behavior  rests  on  the  assumption  that 
the  ionic  structure  predominates,  and  that  the 

binding  energies  of  all  monoxides  with  the  4/"5rf  metal 
ion  configuration  vary  monotonically  across  the  series. 
For  those  metal  ions  with  4/  *  ground  states,  the  excita¬ 
tion  energy  a£  must  then  be  supplied  at  the  expense  of 
that  particular  MO  bond.  According  to  this  model,  the 
dissociation  energy  D\  can  be  predicted  from  the  rela¬ 
tion 

predicted)  »DS(basellne)  -  AE  .  (1) 

Relatively  poor  correlation  with  this  model  was  observed 
for  EuO  and  TmO,  with  the  model  predicting  values  of 
fig  about  20  kcal/mol  lower  than  the  experimental  val¬ 
ues.  It  is  now  apparent  that  this  was  due  in  part  to  er¬ 
rors  in  the  earlier  determinations, '  since  our  more  re¬ 
cent  values  of  for  EuO  and  TmO  are  22  and  17  kcal/ 
mol  lower,  respectively.  Bergman  ef  al. *  also  applied 
the  promotional  energy  model  to  a  number  of  the  lan¬ 
thanide  monoxides  and  to  the  sulfides,  selenides,  and 
tellundes  as  well,  and  discussed  implications  hi  the 
correlation  in  terms  ol  the  ligand  field  theory. 


The  relatively  close  correlation  between  experimental 
values  of  D?  and  those  predicted  by  Eq.  (1),  as  reported 
by  Ames  et  al. , 1  was  in  a  sense  fortuitous,  since  the 
solution  values  of  a£  for  the  divalent  ions  given  by 
Jorgensen1*  are  relative  rather  than  absolute  values.  A 
more  logical  test  of  the  model  can  be  made  by  using  the 
4/*  -  4/*',5rf  transition  energies  derived  from  the  spectra 
of  the  free  gaseous  M*  ions,  and  tabulated  by  Martin  et 
at. "  The  free  ion  values  of  A£  are  consistently  higher 
than  Jdrgensen's  relative  values'*  by  5000  to  10  000  cm"1 
(15  to  30  kcal/mol),  and  the  values  predicted  by  Eq. 
(1)  now  fail  below  the  experimental  values  by  compar¬ 
able  amounts.  Actually,  the  transition  energies,  A£, 
follow  similar  trends  for  M*.  M*.  and  M;  the  mag¬ 
nitudes  of  the  transition  energies  (for  4/"-4/*-'5rf)  de¬ 
crease  regularly  as  one  proceeds  in  the  series  M* 

-  M*  -  M. 11  In  fact,  the  correlation  between  experimen¬ 
tal  and  predicted  values  of  Dl  is  quite  good  if  the  free 
atom  values  ol  A£  are  used  in  Eq.  (1),  as  seen  in  Fig. 

1.  The  pertineni  data  are  summarized  in  Table  IX. 

The  values  of  A£  given  in  Table  IX  correspond  to  the 
transition  from  the  ground  state  to  the  lowest  J  level 
of  the  excited  state  in  4/"  6s* -  4fmX  W'  8s*.  Baseline 
values  of  D\  used  in  Eq.  (i)  were  evaluated  from  a  sec¬ 
ond  order  polynomial  fitted  to  the  data  for  LaO,  CeO, 
GdO,  and  LuO,  Essentially,  the  agreement  is  within  ex¬ 
perimental  error  for  ail  the  monoxides  but  SmO  and 
EuO,  where  the  differences  amount  to  13  and  16  kcal/ 
mol,  respectively.  It  may  be  that  for  Sm and  Eu  higher 
J  levels  need  to  be  considered.  Moreover,  it  should  be 
kept  In  mind  that  Eu,  because  of  its  hall-filled/  shell, 


TABLE  DC.  Selected  dissociation  energies  of  the  lanthanide 
monoxides  and  model  predictions. 


Oxide 

Si 

(kcal/mol) 

AE* 

(kcal/mol) 

State  of 
excited 
leveP 

Dl  (predicted)* 
(kcal/mol) 

La  O 

190*1 

... 

... 

190 

CeO 

188*4 

... 

... 

188 

PrO 

176*3 

13 

Vi 

m 

NdO 

167*3 

19 

lL, 

162 

SmO 

136*3 

52 

123 

EuO 

112*  3 

(771 

'Dl/i 

98 

GdO 

170*3 

... 

... 

170 

TbO 

165*8 

1 

*cu/i 

167 

DyO 

146*5 

22 

144 

HoO 

144*3 

24 

is,  i)j-V 

140 

ErO 

144*3 

20 

(V.  j)  J-6 

143 

TmO 

122*3 

38 

(6,  i) /•{ 

123 

YbO 

95*5 

66 

<£.  i)  J‘2 

94 

LuO 

159*3 

... 

... 

159 

‘Energy  of  atomic  transition  4/"6s:  —  4/*’  id's  s'  trom  Rei. 
21.  Transition  to  lowest  J  level  ol  the  excited  atom  is  con¬ 
sidered. 

^Calculated  using  Eq.  (1).  C;  (baseline) » 1  JO.  8  -  3. 7SA’ 

♦  0. 0936A1  kcal/mol;  N*  atomic  number  (Zl-57. 


J.  Cham.  Phy»..  Voi.  73,  No.  8. 15  October  1980 


E.  Murad  and  0.  L.  Hildenbrand:  Dissociation  energies  of  GdO,  HoO,  ErO.  TmO,  and  LuO 


4009 


FIG.  1.  Variation  of  the  dissociation  energies  of  the  lanthanide 
monoxides  with  increasing  atomic  number. 


is  somewhat  anomalous  by  comparison  with  the  other 
rare  earth  oxides.  With  a  ground  state  of  *S  it  resem¬ 
bles,  in  many  ways,  Ba,  and  it  is  possible  that  in  the 
case  of  Eu,  at  least,  ionic  forces  play  important  roles. 
It  seems  certain,  however,  that  the  4/"» 4/"*‘5rf  excita¬ 
tion  energy  plays  a  major  role  in  determining  the  ener¬ 
getics  of  most  of  the  lanthanide  monoxide  bonds. 

The  poor  quantitative  correlation  of  the  experimental 
D\  values  with  the  transition  energies  of  the  M1*  free 
gaseous  ions  casts  some  doubt  on  the  suitability  of  de¬ 
scribing  the  bonding  in  the  gaseous  monoxides  in  terms 
of  the  MfcO*'  ionic  configuration.  This  point  is  difficult 
to  check  via  an  electrostatic  model  calculation,  as  has 
been  done  for  many  gaseous  metal  halides,  since  the 
ipternuclear  distances  of  only  a  few  of  the  monoxides 
have  been  determined,  and,  perhaps  more  importantly, 
the  electron  affinity  EA(0-0*‘)  which  is  needed  to  con¬ 
vert  the  ionic  dissociation  energy  to  that  of  the  neutral 
atoms,  is  highly  uncertain.  In  two  recent  studies 11,14 
examining  the  applicability  of  the  electrostatic  model  to 
the  lanthanide  monoxides,  assumed  values  of  7.72  and 
8.83  eV  were  used  for  EA(0-0*").  Despite  this  large 
difference,  and  the  use  of  diverse  approaches  to  evalu¬ 
ating  the  polarization  term,  the  two  sets  of  calculated 
dissociation  energies  agreed  with  each  other  to  within 
0.2  eV  or  better  in  most  instances,  and  with  the  experi¬ 
mental  values  as  well.  In  these  instances,  the  polariza¬ 
tion  term  is  essentially  being  used  as  an  adjustable  pa¬ 
rameter,  making  up  for  the  difference  in  EAfO-O1*). 

Although  it  may  at  first  glance  seem  significant  that 
the  ionic  model  yields  D%  values  reflecting  the  same 
trends  with  atomic  number  as  the  experimental  values, 
this  is  a  direct  consequence  of  the  assumptions  in  both 
calculations  that  the  M1*  ion  polarizabilities  vary  in 
versely  with  the  4/"-4/’**5<f  transition  energy  AE. 


These  polarization  terms  make  a  substantial  contribu¬ 
tion  to  the  total  binding  energy.  Thus  the  resulting  cor¬ 
relation  of  the  ionic  model  data  with  A£  is  a  predeter¬ 
mined  feature  of  the  calculations.  Whether  or  not  the 
M1*  ion  polarizabilities  show  the  assumed  variation  with 
a£  remains  to  be  seen;  none  of  these  quantities  has  been 
determined  experimentally.  At  the  moment  it  seems 
that  the  apparent  success  of  the  ionic  model11,14  can  be 
just  as  well  ascribed  to  a  fortuitous  adjustment  of  the 
estimated  input  parameters.  The  ionicity  criterion11 

' r ,  indicates  that  the  singly  charged  configuration 
.ref  is  not  a  major  contributor  to  the  bonding  in  the 
lanthanide  monoxides,  and  this  is  corroborated  by  cal¬ 
culations  on  La* O',  where  all  the  input  parameters  are 
known  reasonably  well;  in  this  instance  the  ionic  model 
yields  a  D°0  value  about  0. 7  eV  lower  than  the  experimen¬ 
tal  result. 

In  contrast  to  the  pronounced  double  periodicity  in  the 
dissociation  energies  of  the  lanthanide  monoxides,  as 
seen  in  Fig.  1,  it  is  worth  noting  that  this  same  effect 
is  not  apparent  in  the  lanthanide  monofluorides.  The 
Do  values  of  those  monofluorides  that  have  been  deter¬ 
mined  experimentally  (NdF,  SmF,  EuF,  GdF,  DyF, 

HoF,  ErF,  and  TmF)B'"  fall  within  the  range  130±  10 
kcal/mol,  quite  different  from  the  behavior  of  the  monox¬ 
ides.  The  same  ionicity  criterion13  shows  the  monofluo¬ 
rides  to  have  sufficient  ionic  character  for  application 
of  the  electrostatic  model,  and  the  predicted  dissocia¬ 
tion  energies  based  on  a  constant  M*  ion  polarizability 
across  the  series  are  in  good  accord  with  the  experi¬ 
mental  values.  This  contrasting  behavior  may  signal 
substantial  differences  in  the  chemical  bonding,  with  the 
monoxides  being  largely  covalent  and  the  monofluorides 
largely  ionic.  Bergman  el  al.  “  noted  the  unsuitability 
of  the  singly  and  doubly  charged  ionic  models  for  the 
lanthanide  chalcogenides  and  suggested  the  necessity  of 
considering  more  complex  features  of  the  bonding. 

The  close  similarity  of  the  ionization  potentials  of  the 
lanthanide  metals  and  their  monoxides  has  been  noted 
previously  by  Ackermann  et  al.11;  from  Fig.  1  of  their 
paper  it  can  be  seen  that  IP(M)  and  IP(MO)  lie  generally 
within  at  least  0. 5  eV  of  each  other.  Just  as  with  the 
metal, 11  the  metal  monoxide  ionization  process  will  then 
Involve  the  loss  of  a  6s  electron,  which  in  the  monoxide 
must  be  nonbonding  or  slightly  antibonding.  Consider¬ 
ing  the  importance  of  the  4/"-4/"*l5</  excitation  energy 
and  the  fact  that  at  least  one  of  the  metal  6$  electrons  is 
not  involved  in  bonding,  it  seems  likely  that  the  bonding 
in  MO  involves  a  metal  s-d  hybrid,  or  possibly  a  pure 
d  orbital.  Because  the  dissociation  energies  of  the 
monoxide  ions  are  related  to  those  of  the  neutral  monox¬ 
ides  [DS(M*-0)  »DS(MO)  ♦IP(M)  -IP(MO)]  the  two  dis¬ 
sociation  energies  will  be  comparable,  and  the  values  of 
D°(M*-0)  will  show  the  same  type  of  double  periodicity 
exhibited  by  the  D§(MO)  values.  In  Table  X  are  sum¬ 
marized  the  values  of  Dj|(M*-0)  calculated  from  the 
above  relation  with  the  selected  Dj(MO)  data  of  Table  DC 
and  the  literature  values  of10  IP(M)  and  IP(MO). 11 

One  final  remark  along  these  lines  can  be  made,  name¬ 
ly  that  the  thermochemical  data  complement  some  kinetic 
measurements  which  have  shown  that  associative  ioniza¬ 
tion  reactions  of  the  type 
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TABLE  X.  OtaaoeUttoo  energies  o <  tha  lantha¬ 
nide  moooxida  Iona  tod  beat*  of  formation  of  tha 
gaaaoua  moeoxides. 


Oxide 

D‘,  (M*-0>* 
(kcal/mol) 

AH/}  (MO.  /,  0  K) 
(kcal/mol) 

Leo 

205 

-28*1.5 

CeO 

203 

-28*  5 

PrO 

189 

-32*3 

NdO 

179 

-30*3 

SmO 

138 

-28*3 

EuO 

93 

-11*3 

GdO 

180 

-16*3 

TbO 

177 

-13*5 

DyO 

145 

-18*5 

HoO 

141 

-13*3 

ErO 

140 

-9*3 

TmO 

116 

-7.5*3 

YbO 

58  . 

>0.3*5 

LuO 

127 

>2*3 

*d;  (M'-oi  -o;  <moi  >  ipcm)  -  ip<moi.  vaiuaa 
(or  B{  (MO)  were  takan  from  Table  DC;  tboaa 
for  IP(M)  vara  takan  from  Raf.  10,  while  tboaa 
for  IP  (MO)  were  takan  from  Raf.  11. 


M+0-»M0*+a 

have  large  cross  sections  for"  Gd  and  Sm.  **  It  Is  ex¬ 
pected  that,  with  the  exceptions  of  Eu  and  Yb,  all  the 
lanthanide  elements  will  undergo  similar  reactions. 

The  heats  of  formation  of  the  gaseous  monoxide  mole¬ 
cules  are  summarized  In  Table  X. 
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APPENDIX 

For  consistency,  the  thermodynamic  functions  of  YO, 
LaO,  and  all  the  lanthanide  monoxides  were  calculated 
from  the  rotational  and  vibrational  parameters  utilized 
by  Ames  et  al. 1  With  a  few  of  the  monoxides,  some¬ 
what  more  accurate  spectroscopic  constants  are  now 
available,  but  recalculated  values  of  the  function 
(formerly  ~(C%  -H%l/T]  with  the  new  constants  differed 
by  no  more  than  0. 2  cal/degmol  at  2000  K  from  the 
earlier  values, 1  a  difference  considered  negligible. 

Only  the  electronic  ground  states  of  the  lanthanide 
monoxides  were  considered,  and  the  statistical  weights 
of  those  states  were  taken  from  the  scheme  used  by 
Smoes  et  al.  *  for  the  corresponding  lanthanide  mono- 
sulfides;  in  Table  XI,  the  statistical  weights  so  derived 


TABLE  XI.  Statistical  weights  of  elec¬ 
tronic  ground  states  of  the  Unthaaide 
monoxides. 


Oxide 

it 

Amea  et  al.‘ 

Thie  work* 

YO 

2 

2 

LaO 

2 

2 

CeO 

3 

6 

PrO 

4 

8 

NdO 

5 

10 

SmO 

7 

12 

EuO 

8 

16 

GdO 

9 

9 

TbO 

8 

20 

DyO 

7 

12 

HoO 

6 

12 

ErO 

5 

10 

TmO 

4 

8 

YbO 

3 

8 

LuO 

2 

2 

‘Reference  1. 

‘Obtained  using  the  model  given  by  Smoes 
«t  st.  (Ref.  29):  g,  la  taken  to  be  m  if 
tha  (M  - 1)  ton  has  s  ground  state  of  "S 
and  as  2m  otherwise. 

are  luted  and  compared  with  the  values  used  bv  Ames 
et  al.1  Recent  spectroscopic  studies  on  CeO*0  and 
PrO*1  indicates  that  the  spectra  of  these  molecules  are 
quite  complex.  For  example,  CeO  U  found  to  have  the 
following  low-lying  states,  where  c,  Is  given  in  cm'1 
and  g,  is  given  in  parentheses:  0(2),  80(2),  815(2), 
2000(2),  2140(2),  and  2615(2).  On  the  other  hand,  PrO 
has  the  following  low-lying  states:  0(2),  17.7(2),  3 
states  at  -  2060  (Zg,  »6),  2  states  at  -  2900  (Zg,  *4). 
Almost  certainly,  there  are  other  low-lying  states  which 
will  contribute  to  the  *  functions.  If  the  states  of  PrO 
cited  above  are  used  to  calculate  the  *  function  of  PrO, 
then  the  derived  £>S(PrO)  would  be  lowered  by  ~  1  Iccal/ 
mol;  this  is  well  within  the  quoted  uncertainties.  Addi¬ 
tional  electronic  states  would  raUe  the  derived  DS(PrO). 
Thus  it  is  likely  that  the  statistical  weights  used  in  this 
work  are  larger  than  the  actual  statistical  weights  of  the 
ground  states  which  tends  to  increase  the  *  function. 

On  the  other  hand,  not  including  any  low-lying  states 
tends  to  have  an  opposite  effect. 

Thermodynamic  functions  for  AlO  and  TlO  were  taken 
from  theJANAF  Thermochemical  Tables.  **  Selected 
dissociation  energies  of  the  reference  oxides  are  as  fol¬ 
lows:  £g(TiO)*  158.4 ±  2kcal/raol  (Refs.  15  and  32); 
1>S(YO)»170.0±  1  kcal/mol  (Ref.  33);  and  OS(AIO) 

» 122.0a  1  kcal/mol  (Ref.  34).  Although  there  are 
implications  from  a  recent  kinetic  study”  that  D°(A10) 
s  126  kcal/mol,  we  prefer  the  aforementioned  value, 
which  is  corroborated  by  a  variety  of  spectroscopic  and 
thermochemical  determinations.  Heats  of  sublimation 
of  the  lanthanide  elements  were  obtained  from  the  com¬ 
pilation  by  Huitgren  et  al.u 
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The  BF;  radical  was  generated  under  equilibrium  conditions  by  the  reaction  of  both  SFt(g)  and  BF,(f ) 
with  B(s)  in  an  effusion  ceil  at  1600  to  1800  K,  and  was  identified  and  ihermochemically  characterized 
by  mass  spectrometry  Enthalpy  data  derived  from  the  analysis  of  several  gaseous  equilibria  in  the  B-F 
and  B-Ca-F  systems  led  to  concordant  results  on  BF,,  and  to  the  standard  enthalpy  of  formation 
4//f*w(BFj) «  —  120.0+4  kcal/mol,  about  20  kcal/mol  less  negative  (less  stable)  than  the  previously 
accepted  value.  From  electron  impact  threshold  measurements,  the  ionization  potential  of  BF:  was 
evaluated  as  8.84+0  10  eV.  The  results  show  the  FB-F  bond  to  be  70  Itcal  weaker  than  the  B-F  bond, 
and  59  kcal  weaker  than  F,B-F  in  the  BF,  bond  dissociation  sequence  Implications  of  the  results  on  the 
chemical  bonding  in  the  B-F  system  and  comparison  with  a  theoretical  treatment  of  BF,  are  it.ve.med 
briefly. 


INTRODUCTION 

The  spectroscopic  and  thermochemical  parameters 
of  many  small  inorganic  radicals  are  not  well  es¬ 
tablished,  primarily  because  these  radicals  are  rela¬ 
tively  minor  species  under  the  usual  experimental  con¬ 
ditions  and  are  therefore  not  easily  identified  and  char¬ 
acterized.  This  is  particularly  true  of  odd -electron 
species  such  as  BF,.  Although  BF  and  BF,  are  major 
species  in  the  high  temperature  chemistry  of  the  B-F 
system  and  were  easily  observable  in  beams  generated 
by  the  fluorination  of  elemental  boron  with  CaF,  at  ele¬ 
vated  temperatures,  there  was  no  positive  evidence 
for  the  presence  of  BF,. 1  Subsequently,  Srivastava 
and  Farber*  reported  the  results  of  a  mass  spectro- 
metric  study  of  the  reaction  of  B(s)  with  BF,(g)  that 
led  to  the  identification  of  BF,  (g)  and  to  the  derived 
enthalpy  of  formation  Ay/f^BF,,;)  =  -141.0±3  kcal/ 
mol,  as  evaluated  in  the  more  recent  JANAF  Thermo- 
chemical  Tables.3  This  latter  observation3,3  seemed 
at  odds  with  our  earlier  work  on  the  B-Ca-F  system* 
since  it  indicated  that  at  1700  K  the  equilibrium  con¬ 
stant  if,,  for  the  reaction 

BF ,(g)  +  BF (g)  =  2  BF,(g)  (1) 

should  be  about  0. 7,  and  that  BF,  ahould  have  been 
clearly  observable. 

Since  the  sensitivity  and  degree  of  sophistication  of 
the  masa  spectrometric  technique  have  increased  ap¬ 
preciably  over  the  last  decade,  it  seemed  worthwhile 
to  re-examine  the  B-F  system  for  additional  informa¬ 
tion  about  the  stability  of  BF,.  Small  molecules  of  this 
type  are  becoming  increasingly  susceptible  to  detailed 
ab  initio  molecular  orbital  calculations  and  it  is  ad¬ 
vantageous  to  have  accurate  experimental  data,  par¬ 
ticularly  energy  quantities,  available  for  comparison. 
Energy  quantities  calculated  by  ab  initio  methods  tend 
to  be  unreliable  because  of  difficulty  in  accounting  for 
the  electron  correlation  energy,  i.e.,  the  energy  as¬ 
sociated  with  the  interactions  among  all  the  electrons  in 
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the  molecule.  From  a  comparison  of  calculated  results 
with  experimental  quantities  such  as  bond  dissociation 
energies  and  ionization  energies,  it  is  possible  to  evalu¬ 
ate  systematic  trends  in  the  correlation  energy  and  to 
develop  improved  methods  of  estimating  the  correlation 
correction,  thereby  increasing  the  usefulness  of  the 
theoretical  calculations.  Such  a  comparison  of  cal¬ 
culated  and  experimental  results  for  BF,  is  given  later 
in  this  paper.  Also,  of  course,  there  is  the  very  real 
need  for  accurate  molecular  properties  in  technological 
applications  such  as  development  of  corrosion-resistant 
materials,  chemical  vapor  deposition  of  electronic 
materials,  nuclear  fuel  processing,  and  chemical 
propulsion. 

Aside  from  the  equilibrium  studies, 1  the  only  other 
direct  information  about  BF,  comes  from  ESR  studies 
of  the  radical  species  generated  by  irradiation  of  BF, 
trapped  in  xenon  matrices  at  liquid  helium  tempera¬ 
tures.4  We  report  here  the  results  of  new  mass  spec¬ 
trometric  studies  of  gaseous  equilibria  in  the  B-F  sys¬ 
tem  and  the  implications  of  these  results  on  the  ther¬ 
mochemical  properties  of  the  BF,  radical. 

EXPERIMENTAL 

Molecular  effusion  beams  containing  the  species  of 
interest  were  generated  by  admitting  BF,(g)  or  SFt(g) 
to  the  base  of  a  molybdenum  cell  containing  granules  of 
elemental  boron.  For  studies  of  the  B-Ca-F  system, 
powdered  CaF,(s)  was  mixed  with  the  boron.  A  thin 
paj*tltion  containing  several  0. 3  mm  diameter  apertures 
was  placed  midway  between  the  solid  sample  and  the 
1. 5  mm  diameter  beam  exit  orifice  to  increase  the  num¬ 
ber  of  reactive  gas -solid  collisions  and  to  promote 
equilibration.  The  composition  of  the  beam  emerging 
from  the  effusion  orifice  was  monitored  by  mass  spec¬ 
trometry,  using  the  magnetic  sector  instrument  and 
experimental  technique  described  previously. 4  All  sig¬ 
nals  were  checked  for  their  effusion  cell  origin  by 
noting  the  response  to  displacement  of  the  neutral  beam 
defining  slit  and  ascertaining  that  the  normal  sharp 
beam  profile  was  obtained.  Threshold  ion  yield  curves 
were  recorded  automatically  and  analyzed  as  described 
earlier.4  All  other  aspects  of  the  experimental  pro¬ 
cedure,  together  with  the  method  for  evaluating  equi¬ 
librium  data  from  the  observed  ion  intensities,  have 
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been  diacuasad  in  tar  liar  publications. 1 

Tha  B(s)  tad  CaF,(s)  samplas  ware  of  reagent  grade 
purity,  while  the  SF,  and  BF,  were  commercial  com¬ 
pressed  gaa  samples  obtained  from  the  Matheson  Co; 
the  latter  were  used  without  further  purification. 

RESULTS 

The  initial  step  in  this  study  was  to  obtain  conclusive 
information  about  the  possible  presence  of  molecular 
BF,  in  the  high  temperature  effusion  cell  beam.  When 
BF j(g)  was  admitted  to  the  Mo  cell  containing  B(s)  at 
room  temperature,  a  strong  signal  with  a  threshold  ap¬ 
pearance  potential  (A.  P. )  of  about  16  eV  appeared  at 
m/e  49.  This  signal,  verified  by  its  isotopic  counter¬ 
part  at  m/e  48,  is  clearly  BFJ  formed  by  the  dissocia¬ 
tive  ionization  process  BF,  +  e-  BFJ  +  F  +  2e.  ’  As  the 
cell  temperature  was  raised  to  1600  K,  a  weak  low- 
energy  tall  with  threshold  A.  P.  of  about  9. 0  eV  ap¬ 
peared  on  the  BFJ  ion  yield  curve;  this  low-energy  tail 
also  showed  the  proper  l,B-llB  isotopic  structure,  and 
is  clearly  associated  with  BFJ.  With  SF,  as  the  reac¬ 
tive  flow  gaa,  an  identical  low-energy  foot  with  the 
same  threshold  A.  P.  appeared  on  the  BFJ  curve.  The 
BFJ  signal  measured  at  13  eV  responded  sharply  to 
variations  in  the  BF,  or  SF,  flow  rates,  and  became 
immeasurably  small  with  termination  of  the  gas  flow. 

In  view  of  the  foregoing  evidence  and  the  various  esti¬ 
mates  placing  the  ionization  potential  (I.  P. )  of  BF, 
at  about  9*1  eV,  the  presence  of  molecular  BF,  in 
the  beam  seams  clearly  established.  By  monitoring 
tha  BF,  abundance  with  both  parent  BFJ  and  fragment 
BFJ  Ions  and  BF,  with  the  parent  ion,  all  measured  a 
few  volts  above  threshold,  we  estimate  that  the  pres¬ 
sure  ratio  [P(BF,)/P(BF^]*lxlOr>  at  1600  K,  when 
P(BF,)  *  1  x  10"1  Torr. 

The  higher  fluorine  potential  in  the  SF,(g)  +  B(s)  sys¬ 
tem  yielded  substantially  larger  BF,  signals  than  those 
in  the  BF,(g)  +  B <s)  system,  and  this  factor  made  it  pos¬ 
sible  to  determine  a  reasonably  accurate  threahold  on¬ 
set  energy  for  parent  BFJ  and  to  evaluate  I.  P.  (BF,). 
Tha  BF  molecule,  also  observed  in  these  experiments, 
served  as  a  convenient  reference  standard  since  its  I.  P. 
is  known  quite  accurately  at  11. 115*0.004  eV. 1  Three 
determinations  by  the  extrapolated  voltage  difference 
method*  yielded  AV,(BF*-BFJ)*2.27*0.03  eV  and  I.P. 
(BF,)*  11. 11  -2.27*8. 84*0. 10  eV. 

In  preliminary  experiments  at  1635  K,  evaluation  of 
the  BF  and  BF,  partial  pressures  from  the  parent  ion 
intensities  and  that  of  BF,  from  the  BFJ  fragment  and 
BFJ  parent  Intensities  gave  an  approximate  pressure 
ratio  BF/BF,/BF,=  100/1/380  and  an  equilibrium  con¬ 
stant  of  about  3  x  10*'  for  Reaction  (1),  more  than  four 
orders  of  magnitude  lower  than  that  reported  by 
Srivastava  and  Farber . !  An  accurate  evaluation  of  the 
BF,  partial  pressure  cannot  be  made  from  parent  BFJ 
alone,  since  A.  P.  (BFJ/BF,)»I.P.  (BF,)  and  [/(BFJ)/ 
/(BFJ) ] »  10  for  BF,  in  the  threshold  region.  A  third 
law  calculation  with  thermodynamic  functions  from  the 
JANAF  Tables1  indicates  AHJ,,(1)  a  50  teal/ mol  apd 
g)  *  - 124*3  teal/mol.  Because  of  the 
large  BF,  ion  source  background  signal,  it  proved  dif- 


TABLE  1.  Threshold  appearance  potentials  and  neu¬ 
tral  precursors  of  ions  in  the  B-Cs-F  system. 

Ion 

A.  P.  (eV) 

Neutral 

Literature 

B* 

9*  1 

B 

8.30* 

BF* 

11.3*0.5 

BF 

11. 115" 

BFJ 

15.7*0.5 

BF, 

15.  81.*  15.  92" 

9.  0*0.  5 

BF, 

8.84*0. 10* 

B' 

BF*, 

15.5*0.5 

B. 

15. 55* 

Ca* 

8. 0*0. 3 

Ca 

6. 11* 

CaF* 

5.  5*  0.  3 

c- 

8.0* 

‘Extrapolated  voltage  diiferei. .  ■-  method;  all  other* 
are  the  vanishing  current  method. 

"Reference  7. 

"Reference  15. 

"Reference  9. 

"Reference  10. 

ficult  to  make  the  type  of  precise  BF,  beam  intensity 
measurements  needed  for  accurate  second  law  analysis. 
Therefore,  studies  of  Reaction  (1)  were  not  pursued 
further. 

On  heating  the  cell  to  about  2000  K,  a  weak  B'  parent 
Signal  was  observed,  along  with  those  of  BF*  and  BFJ. 

A  few  measurements  with  low  energy  electrons  using 
SF,  as  the  flow  gas  led  to  an  equilibrium  constant  of 
about  9x10*  for  the  reaction 

B(g)  +  BF,(g)  =  2BF(g)  (2) 

at  1987  K,  independent  of  SF,  flow  rate.  This  result 
leads  to  the  third  law  heat  A//JJ,(2)  a  -  65  teal/mol  and 
A,/f,’,i(BF„  g)  a  - 123  *  5  teal/mol,  compatible  with  the 
data  derived  from  studies  of  Reaction  (1).  However, 
the  weak  B*  signal  proved  to  be  somewhat  erratic  and 
unsuitable  for  reliable  second  law  studies. 

When  powdered  CaF,(s)  was  mixed  with  the  B(s)  in 
the  sample  chamber,  gaseous  Ca  and  CaF  were  ob¬ 
served  in  the  effusion  beam  along  with  the  boron  species 
BF,  and  BF.  The  threshold  appearance  potentials  iden¬ 
tifying  these  species  are  summarized  in  Table  I.  From 
a  series  of  ion  Intensity  measurements  over  the  range 
1640  to  1800  K,  equilibrium  data  for  the  reaction 

BF(g)  +  CaF(g)  =  BF,(g)  +  Ca(g)  (3) 

were  obtained  with  both  BF,  and  SF,  as  reactive  gases; 
the  results  are  given  in  Tables  □  and  m.  Reaction 
equilibrium  constants,  estimated  to  be  accurate  within 
a  factor  of  2,  were  evaluated  directly  from  the  ob¬ 
served  ion  intensity  ratios  without  further  correction, 
as  described  previously. 1  In  these  measurements,  the 
temperature  was  varied  randomly  rather  than  the  in¬ 
creasing  order  shown  in  Tables  H  and  m.  Special  at¬ 
tention  was  devoted  to  obtaining  accurate  second  law 
data  by  repeating  most  of  the  intensity  measurements 
made  at  a  given  temperature. 

The  two  Series  A  points  at  1683  K,  made  with  differ¬ 
ent  BF,  flow  rates,  provide  a  good  check  on  the  mass 
action  criterion  for  attainment  of  equilibrium;  the  B-F 
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TABLE  II.  Equilibrium  thermochemic&l  da  La  for  the  reaction* 
BF(g)  *CaFtg)  =  BF,(g)  *Catg). 


7(K) 

/(BF*) 

/(BFJ) 

/(Ca*) 

/(CaF^ 

«104 

AB|„ 

(kcal/ 

mol) 

Series  A,  BF3  flow. 

A.  P.  +  5  eV 

1646 

11.5 

0.066 

0. 189 

4. 14 

2.62 

16.2 

1646 

11.4 

0.060 

0. 174 

3.  45 

2.65 

16.2 

1654 

16.0 

0.087 

0.228 

4.62 

2.69 

16.2 

1654 

15.7 

0.087 

0.  219 

4.50 

2.70 

16.2 

1671 

17.3 

0.  093 

0.  405 

7.35 

2.97 

16.0 

1683 

21.2 

0.177 

0. 156 

3.  99 

3.26 

15.9 

1683 

16.0 

0.066 

0.393 

6.54 

2.  52 

16.7 

1701 

30.0 

0. 159 

1.14 

18.5 

3.27 

16.0 

1701 

30.0 

0.153 

1. 14 

16.2 

3. 19 

16. 1 

1730 

53.2 

0.171 

5.58 

52.5 

3.41 

16.2 

1730 

47.6 

0.189 

3.  69 

40.5 

3.  62 

16.  0 

1730 

41.6 

0. 156 

3.  21 

34.5 

3.50 

16. 1 

1736 

42.4 

0.126 

0.261 

2. 19 

3.55 

16.1 

1737 

29.2 

0.069 

0.  453 

2.94 

3.65 

16.0 

1737 

29.2 

0.069 

0.411 

2.  73 

3.56 

16. 1 

1783 

98.4 

0.303 

18.9 

149.0 

3.91 

16.2 

1783 

116.8 

0.309 

22.9 

166.0 

3.65 

16.4 

1785 

118.8 

0.420 

15.3 

136.0 

3.  98 

16.1 

1785 

107.2 

0.420 

13.9 

134.0 

4.  06 

16.  1 

1814 

154.8 

0.  558 

1.0 

8.9 

4.05 

16.4 

Av.  « 16. 2 


Afr,„(II)  -  IS.  8 

_ *1.4 

“Intensities  in  arbitrary  units. 

and  Ca-F  signals  respond  in  opposite  fashion  to  varia¬ 
tions  in  BF,  flow,  yet  the  derived  values  of  AT„  are  in 
reasonable  agreement  with  each  other.  Additionally, 
it  can  be  seen  from  the  data  points  at  1738,  1737,  and 
1814  K  in  Table  n,  the  final  points  of  that  series  taken, 
that  rapid  depletion  of  the  CaF,  sample  caused  a  sharp 
drop  in  the  Ca'  and  CaF*  signals;  yet  the  derived  gaseous 
equilibrium  data  are  entirely  consistent  throughout, 
still  further  proof  of  equilibrium  attainment.  Moreover, 


TABLE  IIL  Equilibrium  thermochemical  data  for  the  reaction* 
BF(g)  ♦  CaF(g)  -  BF,(g)  +  Ca (g). 


T(K) 

/(BF*) 

/(BFJ) 

/(Ca*) 

/(CaF*) 

x  10* 

AWJm 

(kcal/ 

mol) 

Series  B, 

BFj  flow. 

A.  P.  +4  eV 

1615 

35.2 

0.111 

0.396 

5.55 

2.25 

16.4 

1615 

33.6 

0.120 

0.291 

4.50 

2.31 

16.3 

1668 

47.2 

0. 165 

0.77 

10.2 

2.64 

16.  5 

1668 

47.6 

0.192 

0.65 

10.2 

2.57 

16.  5 

1696 

80.4 

0.279 

3.12 

38.4 

2.82 

16.5 

Av. 

A/r,„<m> 

-16.4 

8eries  C. 

SF,  flow. 

A.  P.  *4  eV 

1652 

42.4 

0.222 

0.315 

5.52 

2.98 

15.  8 

1659 

16.6 

0.  063 

0.036 

0.  501 

2.73 

16.2 

1659 

17.0 

0.066 

0.036 

0.  492 

2.  83 

16. 1 

1695 

27.5 

0. 105 

0. 168 

1.98 

3.25 

16.0 

Av. 

A/r2N(IID 

•  16.0 

“Intensities  in  arbitrary  units. 


TABLE  TV.  Summary  of  reactions  yielding  thermochemical 
data  for  BF,(g). 


A* > 

RbacUoo  (kc&l/mol)  (kcal/mol)  Reference 


BF,</). 

-BF(/)  =  2BF,(r) 

17.1*  1* 

-  141.  0*3 

SO  *3* 

>124 

*  5 

Thu  work 

-65  *2* 

—  123 

*5 

This  work 

BF l/l  ♦ 

CaF(/)«BF,(/)-Ca(/) 

15.2.2* 

>112*3*4 

Thu  work 

BFj  4  *8 

—  BFJ  *  F  -e 

554.  5* 

>  126 

*  6 

b 

367. 1* 

>126 

*6 

c 

•Reference  2.  *7=296  K. 

•References.  *7  =  0  K. 

'Reference  10. 

a  few  measurements  obtained  with  SF(  as  the  reactive 
gas,  shown  in  Table  m,  yielded  equilibrium  data  in  good 
agreement  with  the  BF,  results.  Therefore,  it  can  be 
safely  concluded  from  these  various  bits  of  evidence  that 
gaseous  equilibrium  was  attained  in  the  beam  source. 
Although  the  most  extensive  series  of  measurements  was 
made  with  5  eV  excess  ionizing  energy  (A.P.  +5  eV),  a 
second  series  made  at  A.P.  ->4  eV  gave  essentially  the 
same  values  of  lending  further  confidence  in  the  re¬ 
sults. 

A  third  law  (m)  treatment  of  the  equilibrium  data  wa6 
made  using  thermodynamic  functions  from  the  JANAF 
Tables. s  The  spectroscopic  constants  of  BF,  Ca,  and 
CaF  are  all  well  established,  while  those  of  BF,  are 
based  on  the  structure  inferred  from  the  matrix  ESR 
studies  of  Nelson  and  Cordy,*  together  with  estimated 
vibrational  frequencies  and  parameters  for  the  elec¬ 
tronic  states;  uncertainties  in  the  third  law  enthalpies 
from  this  source  should  not  exceed  about  0.  8  kcal/mol. 
The  most  extensive  set  of  data  (Series  A),  led  to  the 
average  value  Ai/^  (3,  m)  =  16. 2  ±  kcal/mol  compared 
to  the  corresponding  second  law  (II)  result  AB^O,  II) 

■  15.  8±  1. 4  kcal/mol.  Analysis  of  the  less  extensive 
Series  B  and  C  data  yielded  ABJk  (3,  IQ)  *  16. 4  and 
16.0  kcal/mol,  respectively,  both  *2  kcal/mol.  From 
the  agreement  between  second  and  third  law  results,  it 
can  be  concluded  that  the  equilibrium  data  contain  no 
serious  systematic  errors.  We  select  AJ/JmO)*  16.0 
*  2  kcal/mol  as  "best  value"  from  the  studies  reported 
here,  which  leads  to  the  standard  enthalpy  of  formation 
A,  H  °m (B  F„  g)  =  -  1 20. 0  ±  4 . 0  kcal  /mol. 

DISCUSSION 

A  summary  of  the  reaction  thermochemistry  leading 
to  derivation  of  the  standard  enthalp)  of  formation  of 
BF ,(g)  is  given  in  Table  IV.  Included  are  two  values  ob¬ 
tained  from  the  threshold  energetics  of  BFJ  production 
by  photodissociative  ionization  of  BF,.  Agreement 
among  the  various  values  of  a/BJm(BFi,  g)  reported 
here  is  reasonably  good,  considering  the  combined  un¬ 
certainties,  and  lends  strong  support  to  the  selected 
value  of  -  120.0  ±4.0  kcal/mol  based  largely  on  the 
studies  of  Reaction  (3).  Surprisingly,  our  new  result 
for  BF,  differs  by  more  than  20  kcal  mol  from  the  se¬ 
lected  JANAF  Table  value  A,Wj*(BF„  g)«  -  141  *3 
kcal/mol. 5 
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The  JANAF  data  (or  BF,  are  baaed  solely  on  third  law 
analysis  of  the  thermochemical  studies  of  Reaction  (1) 
reported  by  Srivastava  and  Farber1;  these  Latter  studies 
yielded  an  approximate  BF/BF,/BF,  partial  pressure 
ratio  of  1.  2/1/1. 2  at  1650  K,  compared  to  100/1/380  in¬ 
ferred  in  this  work  for  similar  conditions.  U  the  BF, 
pressure  was  monitored  with  the  B  FJ  parent  ion  as  in¬ 
dicated  in  the  earlier  work,1  then  /f„  for  Reaction  (1) 
would  be  overestimated  by  a  factor  of  10,  but  this  effect 
can  account  for  only  a  small  part  of  the  difference.  Our 
observed  pressure  ratios  and  the  approximate  value 
K„  a  3  x  10"4  for  Reaction  (1)  at  1635  K  are,  however, 
consistent  with  the  failure  to  observe  BF,  in  earlier 
studies  of  the  B-Ca-F  system,1  since  the  BFJ  parent 
intensity  would  have  been  a  factor  of  100  lower  than  that 
of  the  BF,/BF,  fragment  in  those  experiments  and  just 
at  the  detection  limit.  We  conclude  that  the  partial  pres¬ 
sure  and  thermodynamic  stability  of  BF,  were  grossly 
overestimated  in  the  experiments  of  Srivastava  and 
Farber.1 

With  the  new  thermochemical  data  for  BF,  in  hand, 
one  evaluates  the  bond  dissociation  energy  sequence  in 
BF,  as  follows:  BS<F,B-F)«  169  kcal/mol;  J3j(FB-F) 

•  110  kcal/mol;  and  Dj  (B-F)  *180  kcal/mol.  In  these 
calculations,  the  enthalpy  of  sublimation  of  boron  at 
296  K  is  taken  to  be  135. 0  kcal/mol. 11  The  alternation 
in  bond  dissociation  energies  in  the  B-F  system  is  in¬ 
deed  dramatic,  showing  the  bond  FB-F  to  be  exception¬ 
ally  weak  compared  to  the  other  two  relatively  strong 
bonds.  Such  an  alternation  could  be  rationalized  here  in 
terms  of  the  excited  valence  state  concept  of  bonding, 
since  a  major  valence  excitation  of  the  central  boron 
atom  would  be  required  on  passing  from  the  monovalent 
s‘p  ground  state  in  BF  to  the  trivalent  sp‘  hybrid  config¬ 
uration  in  BF,  and  BF,.  Indeed,  the  112'  F-B-F  bond 
angle4  in  BF,  is  not  greatly  different  from  the  120'  angle 
in  planar  symmetric  BF„  indicating  that  the  full  valence 
excitation  to  the  trivalent  hybrid  configuration  occurs 
with  formation  of  the  FB-F  bond  rather  than  formation 
of  a  linear  tp  hybrid  in  BF,.  The  latter  would  require 
further  excitation  to  sp1  on  addition  of  the  third  F-atom 
ligand.  This  slp~spl  promotional  energy  must  then  be 
supplied  at  the  expense  of  the  second  bond  making 
fMB-F)>C(FB-F)<D(F,B-F).  Skinner  and  Pritchard11 
have  calculated  the  energy  of  the  spl  valence  state  of 
boron  to  lie  about  127  kcal  above  the  ground  s?p  state, 
substantially  higher  than  the  difference  [D(B-F) 
-ZXFB-F)]*70  kcal.  However,  an  exact  description 
of  the  valence  state  in  terms  of  known  atomic  orbitals 
cannot  be  made,  and  it  may  be  that  inclusion  of  some 
ground  state  character  may  depress  the  calculated  ener¬ 
gies,  as  suggested  by  Voge15  for  the  spJ  valence  state  of 
carbon.  In  any  event,  the  observed  bond  energy  se¬ 
quence  is  in  qualitative  accord  with  the  valence  state 
concept,  since  the  latter  predicts  a  relatively  large  dif¬ 
ference  between  fXFB-F)  and  IXB-FI.  This  difference 
is  perhaps  larger  than  can  be  accounted  for  by  other 
models  such  as  an  electrostatic  bonding  model,  unless 
there  were  substantial  changes  in  B-F  bond  length  with 
the  number  of  fluorine  ligands. 

The  ab  imtio  calculations  of  Thomson  and  Bfotchie14 
indicate  a  BF,  atomization  energy  of  193  kcal/mol  and 


an  ionization  potential  of  about  11.  2  eV.  Lack  of  a  cor¬ 
relation  energy  correction  no  doubt  is  the  reason  why 
the  former  falls  far  short  of  the  experimental  value  of 
290  kcal/mol.  Likewise,  the  calculated  I.  P.  evaluated 
from  the  difference  between  calculated  total  energies  of 
BF,  and  BF,  is  too  high  because  of  correlation  energy 
differences  between  the  neutral  and  the  ion.  Similar  cal¬ 
culations14  on  NF,  gave  an  I.  P.  that  was  3. 4  eV  higher 
than  the  experimental  value.  Since  our  newly  deter¬ 
mined  value  I.  P.  (BF,) «  8. 84  eV  is  close  to  the  I.  P.  of 
atomic  boron  (8.  30  eV),  it  appears  that  the  electron 
ejected  in  the  ionization  of  BF,  comes  from  a  non¬ 
bonding  p  orbital  located  primarily  on  the  boron  atom. 

Finally,  it  is  worth  emphasizing  the  large  difference 
between  the  newly  determined  value  (BF,) 

»  - 120. 0  *  4  kcal/mol  r  the  previously  accepted  value1 
-  141.0*3  kcal/mol  th.  was  based  on  only  one  experi¬ 
mental  determination. 1  This  points  up  clearly  the  dif¬ 
ficulty  faced  by  critical  data  compilers  in  evaluating  ex¬ 
perimental  data  and  attaching  uncertainties.  Because 
the  stepwise  bond  dissociation  energies  in  a  polyhalide 
molecule  can  vary  widely  and  there  are  no  quantitative 
theoretical  guidelines,  there  is  no  satisfactory  way  to 
judge  just  how  reliable  or  “reasonable”  a  single  experi¬ 
mental  determination  may  be.  Often,  it  is  only  when 
several  independent  determinations,  preferably  by  dif¬ 
ferent  yet  reliable  experimental  techniques,  begin  to 
bracket  a  quantity  that  the  critical  evaluator  can  truly 
begin  to  select  most  probable  values  and  to  set  meaning¬ 
ful  uncertainty  limits.  In  many  respects,  experimental 
methods  for  evaluating  the  properties  of  radicals  and 
related  minor  species  are  still  in  a  relatively  primitive 
state.  Since  advances  in  bonding  theory  and  many  tech¬ 
nological  applications  are  dependent  on  the  availability 
of  accurate  molecular  property  data,  it  us  important 
that  these  methods  be  continually  upgraded  and  extended. 
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Thermochemistry  of  the  gaseous  fluorides  of  samarium, 
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The  pxnu  mono-,  di-,  end  triiluonda  of  the  lanthanide  metals  samarium,  europium,  end  thulium  wen 
characterized  thermocbemically  from  high  temperature  equilibrium  studies  carried  out  by  mass  spectrometry. 

Reaction  enthalpies  and  entropies  wen  derived  using  second-law  analysis  throughout,  and  the  results  wen 
need  to  evaluate  the  enthalpies  of  formation  and  bond  dissociation  energies  (BDE)  of  the  gaseous  fluorides, 
and  to  obtain  approximate  values  for  the  electronic  entropies  of  the  MF  and  MF,  species.  The  dissociation 
energies  of  the  monofluondes  Dj(SmF)“  134  kcal/mole,  Dj(EuF) “  129  heal /mole,  and  Dj(TmF)  “  121 
kcal/mole.  all  *  2  kcal/mok,  an  in  good  agreement  with  values  predicted  by  the  Rittner  electrostatic  model, 
whereas  values  in  the  polyatomic  fluorides  show  considerable  variation  and  do  not  seem  to  follow  any  clear 
trends  Although  the  BDE  values  in  some  instances  differ  from  previous  estimates,  their  sums  yield  trifluoride 
heats  of  atomization  that  are  in  close  accord  with  values  derived  from  the  vaporization  thermodynamics  of 
the  solid  tnfluondes 


INTRODUCTION 

Despite  substantial  experimental  work,  and  an  exten¬ 
sive  literature  on  the  subject,  the  thermochemical  prop¬ 
erties  of  the  gaseous  fluorides  of  the  14  lanthanide  metals 
lying  between  Ce  and  Lu  have  been  only  partially  charac¬ 
terized,  and  in  no  instance  is  there  sufficient  informa¬ 
tion  for  detailed  calculations  of  chemical  equilibria 
among  the  MF,  MF,,  and  MF,  species.  As  summarized 
In  a  review  paper  by  Zmbov  and  Margrave,1  based  on 
their  own  collective  studies,  gaseous  equilibrium  mea¬ 
surements  have  been  made  on  systems  involving  the 
monofluorides  of  Nd,  Sm,  Eu,  Gd,  Dy,  Ho,  and  Er,  and 
the  difluorides  and  trifluorides  of  Nd,  Gd,  Ho,  and  Er. 
The  results  have  been  used  to  derive  the  standard 
enthalpies  of  formation  and  bond  dissociation  energies 
(BDE)  of  these  species.  Lower  bounds  to  the  dissocia¬ 
tion  energies  of  SmF  and  EuF  also  have  been  evaluated 
from  beam -gas  chemiluminescent  reaction  studies,*' 3 
leading  to  results  consistent  with  the  equilibrium  data. 
Zmbov  and  Margrave1  considered  the  properties  of  the 
lanthanide  series  as  a  whole,  and  estimated  the  bond 
dissociation  energies  of  those  species  not  determined 
experimentally.  Trends  in  the  available  data  indicated 
the  BDE  sequence  D(FtM-F)>D(FM-F)aD(MF),  and 
this  pattern  was  assumed  to  apply  throughout  the  series . 

As  will  be  noted  later,  there  Is  also  a  substantial 
amount  of  Information  on  the  vibrational  spectra  and 
structures  of  the  lanthanide  fluorides  that  can  be  used 
to  evaluate  the  rotational  and  vibrational  contributions 
to  the  thermodynamic  functions.  However,  little  Is 
known  about  the  configurations  and  energies  of  the  low  - 
lying  electronic  states,  except  that  these  are  expected 
to  contribute  significantly  to  the  total  thermodynamic 
functions  of  many  of  the  M-F  species.  It  Is  this  uncer¬ 
tainty  over  the  magnitudes  of  the  electronic  contribu  - 
tions ,  together  with  uncertainties  in  the  estimated  BDE 


•’Research  sponsored  by  the  Air  Fores  Office  of  Scientific 
Reeearch  (AFSC),  United  Ststee  Air  Force,  under  Contract 
F  4 96  20- 78- C- 0033.  The  United  States  Government  te  au¬ 
thorized  to  reproduce  and  distribute  reprints  (or  Governmen¬ 
ts!  purposes  notwithstanding  any  copyright  notation  hereon. 


values,  that  precludes  the  calculation  of  reliable  Gibbs 
energies  and  equilibrium  data. 

The  objective  of  the  work  described  here  was  to  obtain 
a  reasonably  complete  set  of  thermochemical  data  for 
several  of  the  lanthanide  fluoride  systems  so  that  trends 
in  these  properties  could  be  established  accurately,  and 
the  validity  of  certain  predictive  models  could  be  ex¬ 
amined.  Although  the  experimental  technique  employed 
was  to  be  the  familiar  one  of  high  temperature  mass 
spectrometry,  a  major  goal  of  the  work  was  to  deter¬ 
mine  not  only  reaction  enthalpies  and  BDE  values,  but 
also  reaction  entropies  and,  If  possible,  gross  Informa¬ 
tion  about  the  molecular  constant  assignments  (particu¬ 
larly  the  electronic  contributions)  of  the  gaseous  species . 
This  necessitated  extensive  second -law  measurements, 
l.e.,  measurement  of  equilibrium  constants  over  wide 
temperature  ranges,  relatively  free  from  systematic 
errors.  The  fluoride  By  stems  chosen  for  study  were 
those  of  samarium,  europium,  and  thulium.  Experi¬ 
mental  BDE  values  are  available  only  for  SmF  and 
EuF*-4;  the  difluorides  and  trifluorides  were  not  studied 
in  Zmbov  and  Margrave’s  investigation4  of  the  Sm-F 
and  Eu-F  systems,  and  no  BDE  data  have  been  re¬ 
ported  for  the  Tm-F  system.  New  thermochemical 
data  on  these  systems  will  provide  an  opportunity  to 
check  the  accuracy  of  the  earlier  estimates,  and  to  ex¬ 
amine  the  possible  fine  structure  in  the  periodic  proper¬ 
ties  of  the  lanthanide  fluorides. 

EXPERIMENTAL 

All  of  the  measurements  reported  here  were  made 
with  the  magnetic -deflection  mass  spectrometer  sys¬ 
tem  described  previously.*  This  Is  a  30.5  cm,  60° 
sector  single-focusing  instrument  equipped  with  a  heated 
effusion -beam  source,  and  an  electron -impact  ion 
source.  Both  ion  pulse  counting  and  conventional-elec¬ 
trometer  techniques  were  used  for  ton  detection  in 
various  phases  of  the  work,  but  no  distinction  is  made 
in  reporting  the  results  since  the  two  methods  are  equiv¬ 
alent.  Ionization  efficiency  curves  were  recorded  auto¬ 
matically  using  an  X-Y  plotter  arrangement.*  Continu¬ 
ous  recording  of  the  ion  yield  curves  proved  to  be  es- 


4.  Cbem.  Phys.  74(1),  1  J*n.  1^81 


00? 19606/8 1/0 106 53-08*0 1.00 


C  1981  American  institute  of  Physics 


653 


654 


Kleinschmidt,  Lau,  and  Hildenbrand:  Gaseous  t!uorides  of  Sm,  Eu,  and  Tm 


TABLE  I.  Beam  sources  for  generation  of  gaseous  lanthanide  fluorides. 


Beam  source 

Cell 

type 

Ceil 

material 

Range (Kl 

Gaseous  species 

A  (Sm  Fj,  C»F;>  -  B 

Two-stage 

Molybdenum 

1730-1912 

Sm,  SmF,  Ca,  CaF 

B  CaF2  *  Sm203 

Two-6tage 

Molybdenum 

2136-233*4 

Sm,  SmF,  Ca,  CaF 

C  SmFj,  CaF,,  B 

One-stage 

Graphite 

14*18-16*43 

SmF,  SmFj,  Ca,  CaF 

D  Sm  Kj,  Zr 

One- stage 

Graphite 

1532-1673 

SmF,  SmF2,  SmFj 

E  Sm  F3 

One-stage 

Platinum 

1400-1500 

SmF3 

F  (EuF3,  CaFj>  ♦  B 

Two- stage 

Molybdenum 

1618-1785 

Eu,  EuF,  EuF,,  Ca,  CaF 

G  CaF2  *  Eu203 

Two- stage 

Molybdenum 

1878-2014 

Eu,  EuF,  EuF->,  Ca,  CaF 

H  EuK3.  Zr 

One- stage 

Molybdenum 

1330-1470 

Eu,  EuF,  EuF2 

I  W !■;(*>  -  ( Eu  f3,  w> 

Gas-inlet 

Graphite 

1443-1626 

EuF;,  EuF3,  WF„  WFs 

J  Eu  F  3 

One- stage 

Platinum 

1250-1350 

EuF,,  EuF, 

K  TmF3,  CaFj,  B 

One- stage 

Graphite 

1440-1560 

Tm,  TmF,  TmF-.,  TmF3,  Ca,  CaF 

L  (Tm Fj,  CaF,t  *  B 

Two- stage 

Graphite 

1800-1950 

Tm,  TmF,  TmF?,  Ca,  CaF 

M  TmF, 

One- stage 

Platinum 

1200-1400 

Tm  F3 

pecially  advantageous  in  this  work  because  of  the  need 
to  distinguish  clearly  between  the  parent  and  fragment 
contributions  to  the  MF'  and  MFj  ion  signals. 

It  was  necessary  to  use  a  wide  variety  of  chemical 
beam  sources  to  observe  and  study  all  the  gaseous  metal 
fluoride  species  of  interest.  As  will  become  apparent 
in  the  ensuing  discussion,  the  stabilities  of  the  three 
metal  fluoride  systems  differed  substantially,  and  each 
system  required  unique  chemical  conditions  to  maximize 
the  abundances  of  the  particular  species  to  be  studied. 
The  beam  sources  included  simple  vaporization  of  the 
solid  trifluorides  from  platium  cells,  single  stage  cells 
containing  a  mixture  of  reactive  solids,  two  stage  cells 
in  which  material  vaporized  from  a  low  temperature 
chamber  interacted  with  a  condensed  phase  at  higher 
temperature,  and  gas  inlet  cells  in  which  species  were 
generated  by  interaction  of  the  added  gas  with  the  con¬ 
densed  phase  or  phases  present.  A  brief  description  of 
the  essential  features  of  the  various  effusion  beam 
sources  is  given  in  Table  I.  The  main  effusion  chamber 
was  of  the  standard  1.27  cm  diameter,  2.15  cm  length 
design  with  0.15  cm  diameter  orifice,  and  was  heated 
by  radiation  from  a  tungsten  spiral  resistance  element.5 

With  the  complex  sources,  a  central  partition  contain¬ 
ing  several  small  holes  was  added  to  increase  the  num¬ 
ber  of  reactive  gas -solid  collisions.  In  each  instance, 
effusion  cell  temperatures  were  measured  by  optical 
pyrometry,  using  a  black -body  cavity  in  the  lid  with 
length -to-diameter  ratio  greater  than  6.  Tests  for  the 
attainment  of  chemical  equilibrium  were  made  by  apply¬ 
ing  the  mass  action  criterion  or  by  approaching  equilib¬ 
rium  from  different  chemical  compositions.1,11  It  was 
often  necessary  to  experiment  with  a  number  of  beam 
source  reactions  before  a  suitable  one  could  be  found. 
This  was  particularly  true  for  studies  of  the  gaseous  triflu- 
orides  in  the  presence  of  the  difluorides,  complicated  by 
the  fact  that  the  trifluorides  do  not  yield  stable  parent  po¬ 
sitive  ions  and  must  be  monitored  through  the  fragment 
MFj  ions.  Because  of  this  limitation,  parent  and  frag¬ 
ment  contributions  to  MFj  can  be  unfolded  accurately 
only  when  the  low  energy  parent  contribution  is  small 
compared  to  the  fragment  contribution.  Whenever  MF2 
and  MFj  were  to  be  measured  simultaneously,  it  was 


necessary,  therefore,  to  choose  conditions  such  that 
P(MFj)  ^>P(MF2). 

Following  customary  practice,  the  response  of  each 
ion  signal  to  displacement  of  the  neutral  beam  defining 
slit  was  checked  to  ascertain  the  effusion  cell  origin. 
This  slit  test  eliminated  any  noneffusion  cell  background 
contributions,  although  the  latter  were  generally  negli¬ 
gible.  Once  the  effusion  beam  composition  was  estab¬ 
lished.  reaction  equilibrium  constants  were  evaluated 
from  ion  abundance  ratios,  each  signal  measured  at  a 
small  constant  increment  (3  to  5  eVi  above  the  ioniza¬ 
tion  threshold.  By  using  low  energy  ionizing  electrons 
and  working  close  to  threshold,  it  was  possible  to  great¬ 
ly  simplify  the  mass  spectra  and  to  obtain  ion  abundances 
that  faithfully  reflected  the  neutral  abundances.  Parent 
ion  signals  were  used  as  a  measure  of  all  neutrals  ex¬ 
cept  the  trifluorides,  where  the  fragment  MFj  was  used. 
As  noted  above,  the  correction  for  the  parent  ion  con¬ 
tribution  at  energies  exceeding  the  MFj  fragmentation 
threshold  could  be  made  quite  accurately  because  P(MF3i 
^/^MFj).  The  ion  current  ratios  were  used  without  fur¬ 
ther  correction  to  represent  the  equilibrium  constants  K 
for  the  various  isomoiecular  reactions,  following  the 
rationale  described  earlier.5  Although  all  thermochemi¬ 
cal  data  reported  here  were  derived  from  second  law 
analysis  of  the  equilibrium  measurements,  which  re¬ 
quires  only  a  quantity  proportional  to  K.  an  attempt  was 
made  to  evaluate  the  absolute  equilibrium  constants  for 
certain  third  law  comparisons.  This  necessitated  a 
small  additional  correction  in  each  system  for  the  frag¬ 
mentation  of  MFZ  to  MF',  as  indicated  by  the  ionization 
efficiency  curves. 

The  solid  lanthanide  trifluorides  were  of  reagent  grade 
quality.  9Q.  5^  -99. &'  purity,  and  were  obtained  from 
Alfa  Division.  Ventron  Corp.  All  other  materials  used 
were  of  similar  reagent  grade  purity,  obtained  from 
commercial  suppliers. 

RESULTS 

Gaseous  effusion-beam  species  generated  with  the 
various  beam  sources  were  identified  from  the  masses 
threshold  appearance  potential  (A.P.t.  and  isotopic  dis- 
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TABLE  U.  Threshold  appearance  potentials  and  inferred 
neutral  precursors. 


lOQ 

a.  P.  ieV> 

Beam  source 

Neutral 

precursor 

Literature 

Sm* 

•1-4. 0*  0.  5 

£ 

SmFj 

26.0* 

5.  5*  0.3 

A.B 

Sm 

5.6-t.*  5.56,'  5. 58* 

SmF* 

17. 5  *  0. 5 

£ 

SmF, 

19.0* 

11.5*  1.0 

C.  L 

SmF; 

•4  .  9  r  0.  3 

A.  B,  C.D 

SmF 

5.7e 

Sm  F* 

13.  2  *  U.3 

£ 

Sm  F, 

15.0* 

7.3*  0.  3 

C.  L 

SmF; 

Eu* 

5.6*  0.3 

F.G.H 

Eu 

5.67.*  5.61.'  5.68* 

EuF* 

11. 0*  1.0 

F.G,l 

EuF, 

.  .. 

5. 1*  0.3 

F.G.H 

EuF 

5.9* 

EuF.* 

13.0*  0.5 

J 

EuF-, 

13.5* 

B.  2*  0.3 

F,G,H,I 

EuF, 

... 

Tm* 

6.  1*  0.  3 

K 

Tm 

6.18,*  5.  87.'  6.  it* 

TmF* 

18.0*  0.7 

L 

Tm  Fj 

20.8“ 

12.0*  1 

K 

TmF, 

5.  8*  0.3 

K 

TmF 

... 

TmF; 

13.  15*0. 10 

L 

TmF, 

13.5“ 

6. 96*  0. 10 

K 

TmF, 

... 

Ca* 

6.0*  0.3 

A.B.C.F.G.K 

Ca 

6.11* 

CaF* 

5. 5*0. 3 

A.B.C.F.G.K 

CaF 

6.0- 

wf; 

10.0*0.3 

/ 

WF, 

9.89“ 

wf; 

10.0*0.3 

/ 

WF, 

10.03* 

‘Reference  1.  ‘Reference  10. 

‘Reference  8.  'Reference  30. 

'Reference  2.  ‘Reference  31. 

“Reference  9. 

tribution  of  the  ions  formed  from  electron  impact  ion¬ 
ization  of  the  beam.  Observed  threshold  A. P . ’s,  the 
quantities  of  primary  importance  in  this  identification 
process,  are  summarized  in  Table  II,  together  with 
pertinent  beam  source  conditions  and  the  neutral  pre¬ 
cursors  inferred  from  these  data.  Ionization  thresholds 
were  evaluated  by  the  vanishing  current  method,  using 
the  various  metal  atom  signals  and  background  mercury 
to  calibrate  the  energy  scale.  Identification  of  the 
lanthanide  monofluorides  and  difluorides  is  unambig¬ 
uous,  in  view  of  the  magnitudes  of  the  lowest  threshold 
energies  associated  with  the  corresponding  ion  signals . 
As  noted  by  Zmbov  and  Margrave, 1  the  ionization  ener¬ 
gies  of  the  MF  species  are  close  to  or  lower  than  those 
of  the  metal  atoms,  indicating  that  the  ionizing  orbitals 
are  largely  nonbonding  or  antibonding.  The  ionization 
energies  of  the  MF2  species  are  1  to  3  eV  higher  than 
those  of  the  monofluorides,  but  are  clearly  on  the  order 
of  the  values  expected  for  the  dilluorides. 

Since  no  trifluoride  parent  ions  were  observed,  it  was 
necessary  to  establish  the  characteristic  threshold  ap¬ 
pearance  potentials  of  the  fragment  ion  species  in  sepa¬ 
rate  experiments  by  vaporizing  the  solid  trifluorides 
from  platinum  effusion  cells.  The  A. P.'s  of  the  major 
MFJ  fragment  ions  along  with  values  for  some  of  the 
other  fragment  ions  are  listed  in  Table  II .  The  possi¬ 
bility  of  deriving  (FjM-Fl  bond  strengths  from  the  MFJ 
fragment  A. P.'s  was  explored,  but  the  presence cf  very 
small  amounts  of  gaseous  EuFz  and  SmFj  In  the  platinum 
cell  beams  yielded  weak  tails  on  the  ion  yield  curves  that 


precluded  such  an  approach  in  those  instances.  The  di- 
fluoride  tail  was  just  perceptible  for  SmFj.  and  moder¬ 
ately  strong  for  EuFJ.  Even  in  the  latter  case,  however, 
it  is  estimated  that  [,P(EuFjl/.P(EuFjll  >50.  For  TmFs 
it  was  possible  to  derive  D0(  F2Tm  -F)  -  13.15  -6.96 
=  6.19  eV  =  142.7  kcal/mol,  and  /WFtTm-F)=  143. 3 
kcal/mol.  By  monitoring  the  EuFJ  and  SmFj  fragment 
ions  over  a  range  of  temperatures,  approximate  values 
of  93.8  and  91.7  kcal/mol  were  derived  for  the  enthalpies 
of  sublimation  of  EuF,  and  SmF,  at  1300  and  1400  K.  re¬ 
spectively. 

In  the  ensuing  thermochemical  studies,  equilibrium 
data  were  derived  from  ion  intensities  measured  at  low 
ionizing  energies  to  minimize  dissociative  ionization, 
as  noted  earlier.  For  use  in  third  law  calculations,  it 
was  necessary  to  account  for  the  difluoride  fragmenta¬ 
tion  process  MF2  +  e  -  MF"  +  F*  2c,  as  indicated  by  the 
ionization  efficiency  curves  of  SmF',  EuF'.  and  TmF. 

At  low  ionizing  energies,  the  difluoride  parent  and  MF' 
fragment  intensities  are  about  comparable.  This  does 
not  complicate  the  parent  MF'  measurement,  however, 
since  the  fragment  MF'  has  a  higher  threshold  energy, 
as  seen  in  Table  n. 

Sm-F  system 
The  reaction  equilibrium 

Sm(gj  +  CaF(g)-SmF(g)  +  Ca(gl  (11 

was  studied  over  the  range  1730  to  1912  K  with  beams 
generated  by  the  reaction  of  gaseous  SmFs  and  CaFz  with 
B(sl,  and  from  2136  to  2334  K  by  the  reaction  of  CaFj(g) 
with  Sm20,(s).  The  two  sets  of  results  were  internally 
consistent,  and  were  combined  to  yield  the  least-squares 
expression  for  the  equilibrium  constant  K: 

log/C,*  -(0.398±0.0681  +  (1800t  127)/T  . 

By  heating  a  mixture  of  SmFs(sl,  CaFj(s),  and  B (s)  in  a 
graphite  cell,  it  was  possible  to  study  the  equilibrium 

SmF(  g)  *  CaF(  g)  =  SmFj(  g)  +  Ca(  g)  (2) 

over  the  range  1448  to  1643  K  and  to  derive  the  relation 

logKj  =  -(1. 171  ±  0. 1881  +  (1449  ±  291 1/T 

from  the  results.  Likewise,  vaporization  of  a  mixture 
of  SmFj(s)  and  Zr(s)  produced  sufficient  partial  pres¬ 
sures  of  the  pertinent  species  for  study  of  the  reaction 

SmF(g)  +  SmF^g)*2SmFj(g)  (31 

at  1532  to  1673  K,  yielding  the  results 

logK,  =  (1.016 ±0.085)- (634 ±  135)/r  . 

In  these  latter  experiments,  the  partial  pressure  of 
SmF,  exceeded  that  of  SmFj  by  a  factor  of  about  5  or 
more. 

Eu-F  tystam 

Two  separate  studies  of  the  reaction  equilibrium 

Eu(  gl  +  CaF(  g)  -  EuF(  gl  +  Ca(  gl  (41 

were  carried  out;  these  were  not  combined  for  second 
law  analysis,  since  the  two  studies  were  done  about  a 
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TABLE  m.  Equilibrium  data  for  tbs 


reaction  Sm(/I  -  CaFfgl 

»  Sm  F(^) 

-Ca</). 

r  (K) 

ft, 

T  (K) 

ft. 

1729 

4.19 

1644 

3.54 

1735 

3.99 

1857 

4.11 

1746 

3.93 

1857 

3.93 

1748 

4.92 

1861 

3.26 

1767 

4.45 

1876 

3.46 

1766 

4.08 

1912 

3.46 

1771 

4.40 

2136 

2.85 

1775 

4.43 

2172 

2.41 

1784 

4.72 

2177 

2.  S3 

1795 

3.83 

2191 

2.45 

1798 

3.92 

2204 

2.91 

1812 

3.89 

2218 

2.68 

1812 

3.71 

2258 

2. 38 

1818 

4.48 

2301 

2.52 

1827 

3.48 

2334 

2.58 

year  apart  and  utilized  slightly  different  Ionizing  ener¬ 
gies  and  ion  source  conditions.  Data  obtained  by  rear  - 
tlon  of  CaF /g)  with  Eu/D/s)  at  1878  to  20X4  K  yielded 

logtf4  =  (  0.007*0. 256) +  ( 584  ±  409)/T  , 

while  studies  with  a  beam  generated  by  passing  CaF/  g) 
and  EuF/g)  over  B(s)  at  1618  to  1785  K  gave 

log/f4- -(0.215*0. 118)  +  (778±199)/T  . 

The  difluoride  EuFt  was  also  observed  with  the  CaF/  g) 

+  Eu/D/s)  source,  and  the  equilibrium 

EuF(  g)  *  CaF(  g) »  EuF/  g)  +  Cal  g)  (5) 

was  investigated  over  the  range  1824  to  2014  K,  with  the 
resulting  expression  tor  the  equilibrium  constants 

log/Cja  -(1. 132*0. 190)  +  (537±385)/T  . 

It  proved  quite  difficult  to  devise  a  suitable  beam  source 
for  studies  of  equilibria  Involving  EuF/  g)  in  the  pres¬ 
ence  of  other  reference  species.  After  observing  both 
gaseous  EuFj  and  EuFj  in  the  vapor  effusing  from  plati¬ 
num  and  graphite  cells  containing  EuF/s),  it  was  possible 
to  study  the  equilibrium 

EuF,(g)  +  WF4(g).EuF4(g)  +  WFj(g)  (6) 

over  the  range  1443  to  1628  K  by  adding  a  coil  of  tungsten 
wire  to  the  cell.  In  order  to  stabilize  the  tungsten  fluo¬ 
ride  species,  it  was  necessary  to  maintain  a  weak  flow 


TABLE  IV.  Equilibrium  data  for  tbe 
reaction  SmF(g)  +  CaF(/)«SmF,<g).Ca(g). 


T  (K) 

ft, 

r  (k> 

ft, 

1448 

0.602 

1562 

0.562 

1450 

0.630 

1564 

0.554 

1480 

0.663 

1581 

0.639 

1480 

0.760 

1582 

0.569 

1514 

0.655 

1595 

0.  531 

1514 

0.622 

1595 

0.545 

1521 

0.638 

1613 

0.521 

1541 

0.559 

1613 

0.507 

1541 

0.583 

1637 

0.503 

1562 

0.501 

1643 

0.542 

TABLE  V.  Equilibrium  data  for  tbe  reac¬ 
tion  SmF(gl  •  SmFj(/l  *  2  SmF,(g>. 


T  (K> 

ft, 

T  (Kl 

ft, 

1532 

3.98 

1600 

4.34 

1532 

4.10 

1625 

4.21 

1545 

3.77 

1625 

4.28 

1562 

4.13 

1650 

4.28 

1562 

4.23 

1650 

4.19 

1570 

4.06 

1652 

4.19 

1585 

4.10 

1663 

4.29 

1585 

4.18 

1663 

4.37 

1600 

4.13 

1673 

4.39 

of  WF/  g)  through  the  cell  while  measurements  were  In 
progress;  the  derived  equilibrium  constants  represented 
by  the  relation 

log/C,  >(0.625*0. 092)  -  ( 2798  *  1 42)/ T 

were  Independent  of  the  WF,(g)  flow  rate,  meeting  the 
mass  action  criterion  for  equilibrium  behavior. 

Tm-F  system 

In  contrast  to  the  variety  of  chemical  reaction  beam 
sources  needed  for  the  Sm-F  and  Eu-F  systems,  vapor¬ 
ization  of  a  mixture  of  TmF/s),  CaF/s),  and  B(s)  from 
a  single-stage  graphite  cell  yielded  all  of  the  gaseous 
species  necessary  for  studies  of  the  reaction  equilibria 

Tm(  g)  +  C aF(  g) «  TmF(  g)  +  C  a(  g)  ,  (7) 

TmF(g)  +  CaF(g)  =  TmFj(g)*Ca(g)  ,  (8) 


TABLE  VI.  Equilibrium  data 
for  tba  react! ona  Eu(g)  -  Ci  Fig) 
•  EuF(ff)  +  Ca(f)  and  EuF(g) 

+  Ca  F(g)  -  Eu  F,(g)  +  Ca(g) . 


r  «) 

ft, 

1618 

Sarlas  I 

1.87 

1620 

1.85 

1659 

1.82 

1687 

1.70 

1702 

1.64 

1714 

1.71 

1732 

1.75 

1759 

1.75 

1770 

1.70 

1785 

1.63 

1824 

StrlM  □ 

0.150 

1878 

2.13 

0.136 

1878 

1.97 

0.138 

1899 

2.09 

0.  ISO 

1912 

2.22 

0.144 

1929 

1.95 

0.129 

1935 

2.15 

0.147 

1948 

1.96 

0.135 

1961 

1.69 

0.138 

1980 

2.06 

0.141 

1993 

2.01 

0.142 

2014 

2.00 

0.  134 
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TABLE  VII.  Equilibrium  data  for 
the  reaction  EuF, Iff)  +  WF,(ff) 

-  EuF,<ff)  +  WF,(ff). 


T  (K) 

KjXlO1 

T  (K) 

Ktx  10* 

1443 

4.61 

1528 

6.13 

1461 

4.93 

1568 

7.22 

1461 

5.23 

1568 

6.68 

1489 

5.76 

1580 

6.  95 

1489 

5.61 

1580 

7.19 

1499 

6.14 

1624 

8.15 

1500 

5.63 

1625 

7.79 

1528 

6.37 

1626 

7.89 

and 

TmF(  g)  +  TmTJi,g)  *  2  TmF,(  g)  (9) 

at  1445  to  1564  K.  In  order  to  extend  the  temperature 
range  for  more  accurate  second  law  analysis,  Reactions 
( J)  and  (8)  were  studied  with  a  two -stage  source  in  which 
TmFj  and  CaF,  vapors  reacted  with  Bis),  and  measure¬ 
ments  were  made  over  the  range  1797  to  1952  K.  The 
resulting  equilibrium  constant  expressions  were 

logA,  =  (0.079  ±0.030)-(1149±50)/r  , 

logic, s  -(0.41 7  ±0.042) +  (1201  ±  68)/ T  , 
and 

logic,  =  ( 1 . 301  ±  0 . 293)  -  (2951  ±  441)/T  . 

The  individual  equlibrium  constant  data  points  for  all 
reactions  studied  are  summarized  in  Tables  HI  to  VQI . 

Thermodynamic  functions  of  lanthanide  fluorides 

For  use  In  subsequent  third  law  comparisons,  the 
thermodynamic  functions  of  the  lanthanide  fluoride  spe¬ 
cies,  exclusive  of  electronic  contributions,  were  calcu¬ 
lated  from  estimated  spectroscopic  constants .  Although 
only  limited  information  is  available  on  the  spectroscopy 
of  the  monofluorides  and  difluorides  of  the  lanthanides, 
it  is  expected  that  the  molecular  constants  will  not  vary 
appreciably  across  the  series  since  the  6s1  outer  elec  - 
tron  configuration  remains  constant  as  the  inner  4/  or¬ 
bitals  are  filled.  Indeed,  the  vibrational  frequencies 
and  the  internuclear  distances  of  the  few  MF  series 
members  studied  to  date  (LaF,  TbF,  HoF,  YbF,  LuF)u,u 
fall  within  the  range  u>0 s  550  ±  50  cm'1  and  r,  =  2. 00 
±0.05  A,  and  these  values  were  selected  for  SmF,  EuF, 
and  TmF. 

As  summarized  by  Drake  and  Rosenblatt, 14  the  weight 
of  evidence  favors  highly  bent  structures  for  the  lantha¬ 
nide  dihalides;  an  apex  angle  of  100*  was  selected  for 
SmF,.  EuF,,  and  TmF,,  with  an  estimated  M-F  inter- 
nuclear  distance  of  2.15  A.  Based  on  the  observed  vi¬ 
brational  frequencies  of  EuF,,  SmF,,  and  YbF,,1,,1‘  a 
common  assignment  of  480,  110,  and  460  cm'1  was  se¬ 
lected  for  the  fundamentals  of  the  three  difluorides  stud¬ 
ied  here. 

Similarly,  evidence  summarized  by  Drake  and  Rosen - 
blatt14  indicates  the  strong  likelihood  of  pyramidal  C„ 
structures  for  all  the  ianthanide  trifluorides,  as  indi¬ 


cated  by  earlier  spectroscopic  evidence.11  Following 
the  suggestion  of  Hauge,  Hastie,  and  Margrave, 11  a  con¬ 
stant  F-M-F  angle  of  117*  was  assumed  In  the  MF, 
species,  with  an  estimated  M-F  bond  distance  of  2. 15  A 
to  be  consistent  with  values  in  LaF  and  LaF,.  A  com¬ 
mon  vibrational  assignment  of  90,  120(2),  540(2),  and 
570  cm'1  was  assumed  for  all  three  trifluorides.  The 
rotational  and  vibrational  parameters  are  similar  to 
those  of  the  MF,  species  estimated  by  Myers  and 
Graves, 11  with  the  exception  of  their  use  of  a  symmetry 
number  of  6. 

DISCUSSION 
Entropy  comparisons 

Before  using  the  equilibrium  data  for  derivation  of 
standard  enthalpies  of  reaction  and  bond  dissociation  en¬ 
ergies,  it  is  necessary  to  evaluate  the  electronic  con¬ 
tributions  to  the  heat  capacities  of  the  gaseous  fluorides, 
since  these  are  expected  to  be  nonnegligible.  The  elec¬ 
tronic  energy  levels  of  the  lanthanide  atoms  are  known, 
but  those  of  the  fluorides  are  not.  One  method  of  gauging 
the  electronic  contribution  is  to  evaluate  the  total  en¬ 
tropies  of  the  metal  fluorides  from  the  equilibrium  data 
[S£(exp)l  and  then  compare  with  the  sum  of  the  transla¬ 
tional,  rotational,  and  vibrational  entropies  [SJ.(/  +  r  +  i))] 
calculated  from  the  molecular  constants  described  in  the 
preceding  section.  Such  a  comparison  is  shown  in  Table 

TABLE  VIII.  Equilibrium  data  for  the 
reactions  Tm(ff)  +  CaF(ff) ■  TmF^I  +  Ca(ff), 

TmF(ff)  +  CaF(ff>»TmF,(ff)  +  Ca(ff).  and 
Tm(*)  +  TmF,(ff)-2  TmF,(ff). 


t  no 

A, 

A. 

A, 

1445 

0.190 

... 

... 

1447 

0.193 

2.39 

0.179 

1463 

0.183 

2.42 

0.187 

1463 

0.196 

2.57 

0.187 

1478 

0.192 

-  2.29 

0.212 

1480 

0.204 

2.43 

0.212 

1482 

0.194 

2.30 

... 

1482 

0.201 

2.37 

... 

1490 

0.204 

2.38 

0.200 

1490 

0.218 

2.50 

0.211 

1517 

0.214 

2.33 

0.240 

1518 

0.218 

2.39 

0.246 

1526 

0.207 

2.52 

0.226 

1527 

0.205 

2.52 

0.219 

1527 

0.220 

2.64 

0.223 

1548 

0.223 

2.26 

0.266 

1548 

0.222 

2.24 

0.266 

1564 

0.230 

2.37 

6.275 

1564 

0.223 

2.49 

0.219 

1797 

0.244 

1.80 

1836 

0.262 

1.67 

1836 

0.270 

1.89 

1865 

0.287 

1.73 

1865 

0.293 

1.70 

1879 

0.286 

1.67 

1879 

0.293 

1.74 

1909 

0.298 

1.54 

1909 

0.306 

1.52 

1926 

0.332 

1.51 

1926 

0.324 

1.56 

1952 

0.314 
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TABLE  IX.  Comparison  at  measured  and  calculated 
entropies.* 


SmF 

EuF 

TmF 

r  (K) 

1930 

1700  1940 

1650 

S?.  (exp) 

SO.  2 

77  2  79.4 

78.5 

Sf  «*r*v  1 

73.4 

72.3  73.  S 

72.3 

Dill. 

S.S 

4.9  S.9 

6.2 

Si-  (A#,  electronic) 

6.92 

4.. 4  4.14 

4.14 

SmF, 

EUF] 

TmF, 

T  (K) 

1550 

1930 

1650 

Sj-  (exp) 

96.6 

98.5 

100.9 

SJ.  <1  *r*e) 

92.4 

95.4 

93.5 

Dlff. 

4.2 

2.8 

7.4 

‘Units  are  cal/dsg  mol. 

IX  for  the  MF  and  MF,  species.  For  the  symmetrical 
monofluoride  exchange  reactions,  we  estimate  that  the 
entropies  are  accurate  to  within  about  1  cal/degmol, 
while  those  involving  the  difluorides  are  uncertain  by 
about  twice  that  amount  due  to  fragmentation  correc  - 
tions  and  uncertain  ionization  cross  section  behavior. 

The  comparison  shows  that  the  derived  experimental 
entropies  are  in  all  Instances  larger  than  the  calculated 
values  based  solely  on  the  translational,  rotational,  and 
vibrational  contributions.  Furthermore,  the  differences 
for  the  monofluorides  are  close  to  the  electronic  entropies 
of  the  gaseous  metal  atoms  SaT(M,  electronic).  This  indi¬ 
cates  that  the  monofluoride  bond  formation  process  prob¬ 
ably  does  not  split  the  electronic  energy  levels  of  the 
metal  atom  appreciably,  and  that  one  might  expect  the 
electronic  heat  capacities  of  M  and  MF  to  approximate¬ 
ly  balance.  For  the  difluoride  species,  the  electronic 
contributions  also  appear  to  be  significant  and  similar 
in  magnitude  to  those  of  the  metals .  It  was  assumed, 
therefore,  that  the  electronic  heat  capacity  terms  would 
compensate  each  other,  and  that  to  a  first  approxima¬ 
tion  only  the  translational.  rotational,  and  vibrational 
terms  need  be  considered  in  correcting  the  second  law 
slope  heats  of  the  exchange  reactions  with  Ca  and  CaF 
to  standard  reference  temperature. 

ft  is  more  difficult  to  make  meaningful  entropy  com- 


TABLE  X.  Summary  of  reaction  thermochemistry. 


Gaaeoua  reaction 

r.r 

(K) 

(kcal/mol) 

A*5» 

(kcal/mol) 

(1)  Sm*  CaF*  SmF  *  Ca 

1930 

-  8.  2*  0.  6 

-8.2 

(2)  SmF*C»F.SraF,*C» 

1552 

—  6.6*  1.3 

-7.7 

(3)  Sm  F  *  Sm  F,  ■  2  Sm  F, 

1604 

2. 9*0. 6 

4.0 

(4)  Eu*C»F-  EuF*  Ca 

1940 

-2.7*  2.3 

-2.7 

1705 

-  3.6*  0.9 

-3.6 

(51  EuF*  CaF  *  EuF,  *  C» 

1929 

-2.5*  1.7 

-  3.9 

(6)  EuFj*WF,.EuF,*WF, 

1536 

12.8*  0.6 

12.7 

(7)  Tm  »  Ca  F  *  Tm  F  *  Ca 

1650 

5.3*  0.2 

5.3 

(8)  TmF  -  CaF  *  Tm  F, »  Ca 

1646 

-  5.5*  0.3 

“  6*7 

(9)  TmF  -  TmF,.  2  TmF, 

1509 

13.5*  2.0 

14.6 

TABLE  XI.  Derived  eathaipiee  of  formation  and 
bond  dissociation  energies. 


Gaaeou* 

fluoride 

A/if; « • 
(kcal/mol) 

Bond 

(kcal/mol) 

SmF 

-66.9 

Sm-F 

135 

Sm  F  2 

-  182.7 

FSm-F 

135 

SmF  j 

-  302.  5 

F,Sm-F 

139 

EuF 

-69.2 

Eu-F 

130 

EuF, 

-181.2 

FEu-F 

131 

EuF, 

-  281. 0 

F,Eu-F 

119 

TmF 

-47.3 

Tm-F 

122 

TmF, 

-162.1 

FTm-F 

134 

TmF, 

-291.5 

F,Tm— F 

148 

parlaons  for  the  trifluorides  because  of  larger  uncer¬ 
tainties  in  the  magnitudes  of  the  absolute  equilibrium 
constants  involving  those  species,  and  because  of  propa¬ 
gation  of  errors  in  the  MF  and  MFt  entropies.  There¬ 
fore,  the  trifluoride  reactions  were  treated  similarly  to 
the  others,  l.e. ,  the  electronic  heat  capacity  terms  were 
assumed  to  cancel.  Any  errors  introduced  by  the  fore¬ 
going  approximations  are  relatively  small,  and  the  data 
can  be  modified  whenever  reliable  information  about  the 
molecular  electronic  levels  becomes  available. 

In  any  event,  the  comparison  of  experimental  and  cal¬ 
culated  entropies  in  Table  IX  shows  that,  as  expected, 
the  electronic  contributions  to  the  thermodynamic  func  - 
tions  of  the  Sm,  Eu.  and  Tm  fluorides  are  significant 
and  that  these  must  be  accounted  for  in  practical  equilib¬ 
rium  calculations.  Because  of  the  complexity  of  the 
lanthanide  halide  spectra,  however,  very  little  informa¬ 
tion  about  the  nature  of  these  electronic  levels  has  been 
obtained  to  date.  Experimental  entropies  can  therefore 
serve  a  very  useful  purpose  in  gauging  the  magnitudes 
of  the  electronic  contributions,  and  this  approach  should 
be  pursued  vigorously  in  future  studies. 

Derived  thermochemical  data 

The  second  law  reaction  enthalpies  obtained  from 
least  squares  fitting  are  summarized  in  Table  X,  along 
with  values  corrected  to  298  K  using  heat  capacity  data 
as  described  in  the  preceding  section.  From  the  reac¬ 
tion  enthalpies,  the  thermochemical  properties  of  the 
calcium1’  and  tungsten10  fluoride  reference  species,  and 
the  properties  of  the  gaseous  lanthanide  metals,®  the 
standard  enthalpies  of  formation  and  the  bond  dissocia¬ 
tion  energies  of  the  lanthanide  fluorides  were  derived 
as  shown  in  Table  XI.  The  reference  BDE’s  are 
flJnlCaF) »  127. 0  kcal/mol  and  f?|»(F,W-F) ■  106.  Okcal/ 
mol.  Estimated  uncertainties  In  the  derived  thermo¬ 
chemical  quantities,  considering  errors  from  all 
sources,  are  ±  2  kcal/mol. 

Of  all  the  fluorides  studied  here,  only  for  SmF  and 
EuF  have  thermochemical  data  been  reported  previously. 
Our  results  lead  to  the  dissociation  energies  Dj(SmF) 

=.  134  kcal/mol  (5.81  eV).  DJlEuF).  129  kcal/mol  (5.59 
eV),  and  DJ(TmF)  *  121  kcal/mol  (5. 25  eV).  all  t  2  kcal/ 
mol.  The  previous  thermochemical  results  of  Zmbov  and 
and  Margrave, 1,0  DjISmFl*  126t  4  kcal/mol  and  D^IEuF) 
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=  125  ±4  kcal/mol,  are  somewhat  lower  than  the  values 
obtained  here,  but  in  fair  agreement.  The  CL  lower 
bounds  Z)J(SmF)i  123. 6  ±  2. 1  kcal/mol5  and  ar  121.3 
±2.4  kcal/mol*  are  appreciably  lower  than  the  present 
result,  while  the  corresponding  value  £>J(EuF)£  129.6 
±2. 1  kcal/mol5  is  quite  close  to  our  thermochemical 
result.  Such  comparison  will  aid  the  interpretation  of 
the  CL  measurements,  and  may  ultimately  give  a  better 
understanding  of  the  relationship  between  the  CL  lower 
bounds  and  the  true  dissociation  limits. 

Zmbov  and  Margrave's  estimate  £>J(TmF)  =  135±  12 
kcal/mol1  is  well  above  our  new  value,  but  it  should  be 
remembered  that  the  data  available  at  that  time  were 
not  sufficient  for  an  accurate  extrapolation  to  TmF. 
Similarly,  their  estimate  of  the  F2M-F  bond  strengths 
for  Sm  and  Eu  are  too  high  by  20  and  30  kcal/mol,  re¬ 
spectively,  while  the  remaining  values  for  fXFM-F)  and 
fH FjM-F)  are  in  fair  agreement.  This  comparison 
again  calls  attention  to  the  difficulty  in  estimating  re¬ 
liable  thermochemical  data,  even  when  a  systematic  ap¬ 
proach  is  used. 

The  bond  strength  data  in  Table  DC  illustrate  clearly 
that  the  successive  BDE’s  do  not  follow  a  regular  pattern, 
as  presupposed  in  the  earlier  work  that  assumed  D( M-F) 
2!  fXFM-F )<  DfFjM-F). 1  There  is  evidently  a  pronounced 
fine  structure  in  the  BDE  patterns,  rather  than  a  mono- 
tonic  variation  across  the  series.  The  detailed  nature 
of  this  fine  structure  is,  of  course,  yet  to  be  deter¬ 
mined.  Although  the  BDE  values  of  D( FM-F)  are  com¬ 
parable  for  the  three  metals,  the  observed  sequence 
D(FtEu-F)  «  D(FtSm-F)<  D(FjTm-F)  seems  at  first 
glance  anomalous.  However,  this  sequence  is  consis¬ 
tent  with  the  known  tendency  of  Eu,  Sm,  and  Yb  to  form 
stable  condensed  difluorides,  the  only  lanthanides  to  show 
such  behavior.  Kaiser  et  al. 11  have  commented  on  this 
matter  and  on  the  relative  ease  of  reduction  of  the  SmF„ 
EuF„  and  YbF,  to  the  gaseous  difluorides,  but  not  with 
TmFj.  Additional  evidence  of  this  type  comes  from  our 
observation  that  EuF„  and  to  a  very  slight  extent  SmF„ 
undergoes  partial  dissociative  vaporization  to  the  gaseous 
difluoride  in  inert  platinum  containers,  while  no  difluo¬ 
ride  is  observed  with  TmFs.  The  chemical  Importance 
of  the  divalent  stales  of  Sm  and  Eu  is  thus  manifested  in 
trends  in  fXFjM-F). 

As  a  check,  one  can  evaluate  the  enthalpies  of  forma¬ 
tion  and  atomization  of  the  gaseous  trifluorides  from 
the  thermochemical  properties  of  the  solid  trifluor¬ 
ides  and  the  corresponding  enthalpies  of  sublimation. 
Only  for  SmFj(s)  is  a  direct  experimental  determina¬ 
tion  of  A,  ffj„  available  (-  398.9  ±  1.1  kcal/mol)"; 
however,  values  for  EuF}(s)  (-  385.3  kcal/mol)  and 
TmF^s)  (-402.5  kcal/mol)  have  been  estimated55  from 
lattice  energy  considerations  and  should  be  sufficiently 
accurate  for  present  purposes.  After  application  of  a 
heat  content  correction,  the  slope  enthalpies  of  EuF ,(g) 
and  SmFj(g)  determined  here  are  converted  to  standard 
enthalpies  of  sublimation  of  298  K  of  104.0  and  100.0 
kcal/mol.  respectively,  in  agreement  with  values  re¬ 
ported  by  Zmbov  and  Margrave1;  for  TmFjtg),  the  cor¬ 
responding  sublimation  enthalpy  of  108.  0  kcal/mbl  at 
298  K,  as  determined  by  Biefeld  and  Eick,5*  is  adopted. 


These  data  lead  to  values  of  -298.9,  -281.3,  and 
-294.5  kcal/mol  for  the  standard  enthalpies  of  forma¬ 
tion  at  298  K  of  SmF^g).  EuF ^g),  and  TmF^),  re¬ 
spectively,  in  good  agreement  with  the  values  in  Table 
XI  derived  from  gaseous  equilibrium  measurements. 
From  another  perspective,  the  sublimation  data  yield 
for  the  atomization  process  MFs(g)=  M(g)+  3F (g)  the 
values  AHJ,,  =  405,  380.  and  407  kcal/mol  for  SmFj, 

EuF,,  and  TmFs,  respectively,  while  the  individual 
BDE  sums  from  the  data  in  Table  XI  are  409,  380,  and 
404  kcal/mol.  Finally,  the  electron  impact  value  of 
143  kcal/mol  for  Dia«(FjTm-F)  noted  earlier  compares 
favorably  with  the  equilibrium  value  of  148  kcal/mol. 

We  conclude  from  these  comparisons  that  the  derived 
BDE  data  are  internally  consistent  and  free  of  signifi  - 
cant  errors. 

Electrostatic  model  calculations 

A  model  that  shows  some  promise  for  evaluating  the 
dissociation  energies  of  molecuiar  species  with  suffi¬ 
ciently  ionic  bonding  is  the  Rittner  electrostatic  model.55 
As  noted  earlier,  the  lanthanide  fluorides  fall  within  the 
proper  ionicity  range,  and  the  use  of  the  model  in  esti¬ 
mating  values  of  DJ(MF)  for  these  species  has  been  de¬ 
scribed.55  Although  the  critical  internuclear  distances 
(r()  and  monovalent  metal  ion  polarizabilities  (a)  have 
not  been  determined  for  most  of  the  lanthanide  mono- 
fluorides,  it  is  believed  that  these  can  be  estimated  with 
a  fair  degree  of  reliability  across  the  Ba  to  Lu  series, 
using  established  values  as  a  guide.  On  the  assumption 
that  r,(MF)  =  2.0  A,  or(M*)  =  5.0  A5,  and  a  vibrational 
force  constant  of  3. 5  mdyn/A  are  representative  values 
for  all  of  the  lanthanide  monofluorides,  a  set  of  binding 
energies  was  calculated  that  yielded  D%  values  of  134, 

133,  and  122  kcal/mol  for  SmF,  EuF.  and  TmF,  respec¬ 
tively.55  The  results  of  the  model  calculations  are  in 
remarkably  good  agreement  with  the  new  experimental 
values,  particularly  as  regards  the  decline  in  DJ  in 
going  from  SmF  to  TmF  at  the  far  end  of  the  series. 

In  this  approach,  the  ionic  binding  energy  is  necessarily 
constant  across  the  series,  and  any  fluctuation  in  dis¬ 
sociation  energies  of  the  neutrals  must  result  from  vari¬ 
ations  in  the  ionization  potentials  of  the  metals  [l.P.(M)] 
since 

Z>0*(MF)-d;(M*F-)  -[i.P.(M)  -E.A.(F)]  , 

where  E  .A.(F)  is  the  electron  affinity  of  the  F  atom. 

The  only  major  discrepancy  occurs  with  GdF,  where 
the  model55  predicts  D°'  OdF)  =  123  kcal/mol  as  opposed 
to  the  experimental  value5  of  140±  4  kcal/mol.  It  re¬ 
mains  to  be  seen  if  the  difference  is  due  to  a  sharp 
change  in  the  atomic  and  molecular  constants  as  the 
filling  of  the  second  half  of  the  4/  shell  commences  at 
Gd;  this  is  manifested  by  a  sudden  rise  in  I.P.(M)  of 
about  0.5  eV  on  passing  from  Eu  to  Gd.  Thus,  the 
spectroscopic,  molecular,  and  thermochemical  data 
for  GdF  need  further  detailed  scrutiny  before  it  can  be 
concluded  that  a  real  discrepancy  exists.  At  the  mo¬ 
ment,  the  molecular  constants  of  the  polyatomic  fluorides 
are  not  well  enough  established  to  permit  a  meaningful 
extension  of  the  ionic  model  to  those  species . 
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Chemi- ionization  reactions 

The  thermochemical  information  haa  a  bearing  on  the 
possibility  of  gaa  phase  chemi  -ionization  proceaaea  such 
as  M* F- MF*  +  «  and  M*  F,- MF*  +  F*.  Thermal  energy 
processes  involving  O  and  Ot  with  certain  metals  have 
been  observed  to  yield  ionic  products , n  and  the  principle 
has  been  used  as  a  method  for  detecting  O  atoms."  The 
process 

M+F  — MF*re  (11) 

Is  allowed  at  thermal  energies  only  if  BJ(MF)  >I.P.(MF). 
From  the  results  of  this  research,  {f)$(MF)  -I.P.(MF)) 
*1.0,  0.S,  and  -0.8  eV  for  SmF,  EuF,  and  TmF,  re¬ 
spectively,  so  that  one  would  expect  chemi -ionisation 
to  occur  with  thermal  beams  of  Sm  and  Eu,  but  not  with 
Tm.  Diebold  et  of."  have  in  fact  observed  the  Sm  analog 
of  Reaction  (11)  and  similarly  have  employed  It  as  an  F 
atom  detector. 
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ATTAINMENT  OF  CHEMICAL  EQUILIBRIUM  IN  EFFUSIVE 
BEAM  SOURCES  OF  THE  HETEROGENEOUS  REACTION  TYPE1 

0.  L.  Hildenbrand 

SRI  International 
Menlo  Park,  CA  94025 

Effusive  beam  sources  derived  from  gas-solid  reactions  pro¬ 
vide  a  very  important  pathway  for  widening  the  scope  of  high 
temperature  thermodynamic  studies,  but  the  attainment  of  chemical 
equilibrium  within  these  sources  is  problematical.  Some  of  the 
underlying  kinetic  factors  associated  with  the  use  of  these  sources 
are  discussed.  As  one  might  expect,  it  is  important  to  maximize 
the  ratio  of  reactive  surface  area  to  exit  orifice  area.  Equilib¬ 
rium  seems  to  be  achieved  more  readily  among  the  products  of  gas- 
solid  reactions  than  among  reactant  and  products,  as  suggested  by 
the  quasi-equilibrium  model.  Some  experiences  with  the  use  of 
heterogeneous  reaction  sources  are  described,  and  two  definitive 
tests  for  the  establishment  of  equilibrium  are  outlined. 

1.  Introduction 

One  of  the  most  reliable  methods  of  determining  the  thermodynamic  properties  of  gaseous 
molecules  stable  at  high  temperatures  is  based  on  the  study  of  reaction  equilibria  in  ef¬ 
fusive  beam  sources.  In  most  instances,  thermodynamic  data  are  derived  from  vaporization 
equilibria  using  the  conventional  Knudsen  cell  technique  [l]2,  once  the  identities  of  the 
condensed  and  vapor  phases  have  been  established.  More  recently,  the  Knudsen  technique 
has  been  used  to  study  complex  gaseous  equilibria  [2-4],  in  which  case  a  distribution  of 
gaseous  species  is  generated  in  the  cell  by  the  reaction  of  two  or  more  condensed  phases, 
and  a  selective  detection  method  such  as  mass  spectrometry  is  used  to  measure  the  relative 
abundances  of  the  species.  For  thermodynamic  applications,  of  course,  it  is  necessary  to 
establish  that  chemical  equilibrium  conditions  prevail  or  to  provide  some  means  of  extra¬ 
polating  the  results  to  equilibrium.  The  attainment  of  vaporization  equilibrium  within 
Knudsen  cells  has  been  discussed  in  some  detail  [5-7],  and  a  useful  model  has  been  develop¬ 
ed  for  treating  nonequilibrium  data  [6].  This  direct  vaporization  method  has  been  used 


‘This  research  was  sponsored  by  the  Air  Force  Office  of  Scientific  Research  (AFSC), 
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widely  and  it  has  gained  acceptance  as  one  of  the  aost  powerful  Methods  available  for 
theraodynaaic  studies.  Most  of  the  selected  theraocheaical  data  for  gaseous  aetal  oxides 
and  halides  have  been  obtained  froai  Knudsen  vaporization  aeasureaents  on  solid  or  liquid 
saaples. 

For  a  nuaber  of  cheaical  systesis  to  which  one  would  like  to  apply  the  aethod,  partic- 
ularly  with  mass  spectroaetric  analysis  of  the  vapor,  there  are  no  suitable  condensed  phases 
or  Mixtures  of  condensed  phases  that  will  generate  the  desired  distribution  of  gaseous 
species.  This  is  especially  true,  for  exaaple,  of  aany  refractory  aetal  halides  that  do 
not  fora  stable,  involatile  condensed  halides,  and  that  cannot  be  generated  by  halogenation 
of  the  aetal  with  another  condensed  aetal  halide  because  of  unfavorable  theraodynaaics. 

Other  exaaples  are  the  aany  gaseous  aetal  hydroxides  that  are  stable  only  in  the  presence  of 
the  aetal  oxides  and  relatively  high  partial  pressures  of  water.  For  aany  such  systeas,  the 
only  feasible  reaction  pathway  involves  generation  of  the  desired  gaseous  species  by  addition 
of  a  reactive  gas  to  the  Knudsen  effusion  source  containing  a  suitable  condensed  phase. 
Heterogeneous  reaction  beaa  sources  of  this  type  have  been  used  to  study  gaseous  soecies  such 
as  HB02  [8],  LiOH  [9],  BeCl  [10],  BH  [11],  and  WFx  [12],  along  with  aany  others,  greatly  in¬ 
creasing  the  variety  of  cheaical  systeas  that  can  be  investigated  by  high  teaperature  aass 
spectroaetry.  Unlike  the  direct  vaporization  sources,  however,  there  has  not  been  a  gener¬ 
ally  accepted  criterion  for  establlshaent  of  cheaical  equilibrlua  in  gas-solid  reaction 
sources,  and  there  has  been  soae  skepticisa  from  tiae  to  tiae  about  the  validity  of  the  re¬ 
sults.  Stafford  [13],  in  fact,  has  cited  the  uncertain  status  of  equilibrlua  attainaent  in 
gas  inlet  work  as  one  of  the  aajor  liaitations  in  applying  aass  spectroaetry  to  high  taaper- 
ature  thcraodynaaic  studies.  As  direct  evidence  of  this,  he  refers  to  Knudsen  cell  studies 
of  the  reaction  of  H2(g)  with  B4C(s)  that  yielded  concentrations  of  BH^  and  alkylboranes  far 
in  excess  of  predicted  equilibrlua  levels  [It],  although  two  other  gaseous  products,  BH  and 
HBC2,  appear  to  be  equilibrated. 

Siailar  considerations  apply  to  double  cell  experiaents  in  which  gaseous  species  va¬ 
porized  from  a  low  teaperature  cheaper  pass  over  a  second  saople  in  another  cheaper  held  at 
a  higher  teaperature.  Reactive  vaporization  in  the  hotter  chaaber  yields  the  distribution 
of  products  to  be  saapled  for  equilibriua  aeasureaents.  A  good  exaaple  of  the  difficulties 
that  can  be  encountered  is  offered  by  two  reported  studies  [14,15]  of  the  gaseous  equili¬ 
brlua  Ge  +  S10  *  GeO  ♦  Si.  First,  a  double  cell  study  [14]  in  which  GeO  and  02  vaporized 
froa  a  low  teaperature  cheaper  containing  Ge02(s)  into  the  high  teaperature  chaaPer  contain¬ 
ing  Si (s )  yielded  an  apparent  equilibriua  constant  of  3.0  x  10  *  for  the  gaseous  reaction 
at  1500  K.  Inconsistencies  with  other  data  on  the  theraocheaical  properties  of  SiO  and  GeO 
proapted  a  reexaaination  by  the  single  Knudsen  cell  technique,  using  a  Mixture  of  Si(s), 

Ge(s)  and  $10, (s)  to  generate  the  gaseous  products;  these  single  cell  aeasureaent  [15]  gave 

*  -c 

an  equilibriw  constant  of  4.6  x  10  at  1500  K  for  the  SiO  -  GeO  gaseous  exchange  reaction 
and  reaoved  the  earlier  discrepancy.  Failure  to  achieve  gaseous  equilibriua  in  the  double 
cell  experiaents  is  the  aost  probable  reason  for  the  difference. 

In  view  of  these  concerns  over  the  attainaent  of  cheaical  equilibriua  in  heterogeneous 
reaction  beaa  sources,  it  seeaed  worthwhile  to  review  soae  of  the  pertinent  background  on 


the  subject,  to  discuss  some  recent  experiences  with  the  use  of  gas-solid  reaction  sources 
in  thermodynamic  studies,  and  to  outline  some  useful  criteria  for  establishing  that  chemical 
reaction  equilibrium  is  attained.  The  objective  is  to  improve  the  overall  reliability  of 
high  temperature  equilibrium  measurements,  thereby  increasing  the  accuracy  of  the  derived 
thermochemical  data.  This  is  an  important  item  because  equilibrium  studies  are  one  of  the 
most  powerful  and  widely  used  methods  for  characterizing  high  temperature  vapors. 

2.  Typical  Gas-Solid  Reaction  Sources 

There  are  several  different  ways  in  which  heterogeneous  reaction  sources  can  be  used 
for  equilibrium  studies.  In  all  cases,  the  experimental  arrangement  is  simple  in  principle: 
The  reactive  gas  is  added  to  the  base  of  a  conventional  Knudsen  cell,  where  it  interacts 
chemically  with  a  condensed  sample  to  produce  one  or  more  gaseous  products.  The  resulting 
gas  mixture  is  emitted  from  the  cell  exit  orifice  in  the  form  of  a  molecular  effusion  beam, 
and  is  sampled  by  an  instrument  such  as  a  mass  spectrometer  to  obtain  composition  data  and 
reaction  equilibrium  constants.  In  this  paper  we  will  be  dealing  exclusively  with  mass 
spectrometric  detection,  but  the  analysis  applies  to  all  other  methods  as  well.  The  usual 
experimental  procedure  and  data  treatment  methods  have  been  described  elsewhere  [8,10,12], 
and  will  not  be  dealt  with  here,  except  as  they  bear  on  the  equilibrium  question.  A  sketch 
of  a  typical  effusion  cell  with  gas  inlet  is  given  by  Meschi,  et  al.  [8].  For  convenience 
in  discussing  the  kinetic  aspects  of  gas-solid  reaction  sources,  a  differentiation  is  made 
between  two  types  of  applications  as  described  below. 

In  the  most  obvious  application,  the  added  gas  is  a  direct  participant  in  the  reaction 
under  study.  For  example,  the  reaction  H20(g)  ♦  B20j(i)  =  2HB02(g)  was  investigated  by  ad¬ 
mitting  H20(g)  to  a  platinum  cell  containing  BgOjU)  [8].  Likewise,  the  gaseous  species 
LiOH  and  (0BF)3  have  been  characterized  by  the  reaction  of  H20(g)  with  Li20(s)  [9],  and 
BF^fg)  with  B203(i)  [16].  These  cases  in  which  the  added  gas  is  a  direct  participant  and 
must  be  present  at  equilibrium  levels  are  labeled  as  Type  I  sources. 

An  important  and  useful  variation  is  that  in  which  the  added  gas  and  perhaps  even  the 
condensed  phase  serve  only  to  generate  a  distribution  of  gaseous  products  by  reactive  vapor¬ 
ization,  and  it  is  the  investigation  of  equilibria  among  these  gaseous  products  that  is  of 
primary  interest.  As  noted  earlier,  this  technique  allows  one  to  study  certain  gaseous 
species  that  cannot  be  generated  by  the  conventional , single  cell  technique.  For  example 
W(s)  can  be  fluorinated  by  SFg(g)  in  a  carbon  or  tungsten  cell  with  gas  inlet  to  yield  a 
distribution  of  W-F  and  W-S-F  gaseous  species  that  varies  with  cell  temperature  [12].  With 
this  arrangement  it  was  possible  to  study  gaseous  equilibria  such  as  WF3  ♦  WFj  =  2WF4,  WFj  ♦ 
S  =  WF2  +  SF  and  WSFj  +  S  =  WF3  ♦  S2,  and  to  use  this  information  to  characterize  the  W-F 
and  W-S-F  species  thermochemical ly.  Other  examples  are  the  Mo-F  system  [Mo(s)  +  SFg(g)][17], 
the  I I A  metal  iodides  and  bromides  [M0(s)  ♦  HI(g)  and  HBr(g)]  [18,  19]  and  the  CF  molecule 
[C(s)  *  SFg(g)]  [20].  Under  these  conditions,  the  added  gas  need  not  be  present  at  equi¬ 
librium  levels,  nor  must  the  gaseous  products  necessarily  equilibrate  with  the  condensed 
phases  present  if  only  gaseous  reactions  are  being  studied;  it  is  necessary  only  that 
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gaseous  equilibrium  be  achieved.  There  have  been  examples  of  reaction  products  generated  at 
partial  pressures  far  above  the  equilibrium  values  [21,22],  but  in  one  of  these  it  Mas  dem¬ 
onstrated  that  gaseous  equilibrium  prevailed  among  the  products  [21].  Sources  that  are  used 
to  study  equilibria  among  the  gaseous  reaction  products  are  designated  as  Type  II  sources. 

3.  Kinetic  Implications 

Although  our  concern  here  is  with  the  use  of  the  gas  inlet  cell  for  equilibrium  studies, 
it  is  worth  noting  that,  at  the  other  extreme,  this  arrangement  has  been  used  for  purely 
kinetic  studies.  Benson,  Golden  and  associates  have  developed  the  Very  Low  Pressure 
Pyrolysis  (VLPP)  technique  into  an  effective  kinetic  tool  [23],  In  VLPP  studies,  a  sample 
gas  is  admitted  to  a  heated  Knudsen  cell  with  relatively  large  exit  aperture  under  the  usual 
molecular  flow  condition,  and  the  steady  state  level  of  the  sample  and  decomposition  products 
effusing  from  the  reactor  are  monitored  by  mass  spectrometry.  From  measurement  of  the  frac¬ 
tion  of  sample  decomposed  as  a  function  of  temperature  for  various  reactor  geometries,  in¬ 
formation  about  unimolecular  rata  constants  and  activation  energies  can  be  derived.  It  is 
worth  noting  that  VLPP  was  conceived  as  a  direct  result  of  reports  detailing  the  difficulties 
involved  in  achieving  equilibrium  in  gas  inlet  work  with  Knudsen  cells  [24]. 

The  analysis  of  Golden,  et  al.  [23]  emphasizes  the  Importance  of  considering  the  col¬ 
lision  number,  Z,  associated  with  a  specific  Knudsen  cell  reactor.  This  collision  number  1$ 
the  average  number  of  collisions  made  by  a  molecule  during  its  transit  through  the  cell,  and 
is  defined  by  the  ratio  Z  *  A  ,/A.  where  A,  is  the  Interior  surface  area  of  the  cell  and  A„  is 
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the  cell  exit  orifice  area.  For  heterogeneous  reactions,  A$  is  the  surface  area  of  the 
condensed  sample  in  the  cell,  which  may  or  may  not  include  the  surface  of  the  cell  Itself. 

For  a  purely  gas-phase  thermal  decomposition  process,  something  on  the  order  of  at  least  50 
wall  collisions  are  required  before  a  molecule  attains  sufficient  internal  energy  to  undergo 
unimolecular  reaction.  To  attain  equilibrium,  Z  values  of  10*  or  greater  may  be  required, 
pointing  up  the  importance  of  maximizing  the  ratio  As/Ao.  A  strictly  gas-phase  decomposition 
process  requires  the  walls  to  be  chemically  inert,  but  Golden,  et  a).  [23]  point  out  that 
wall  effects  are  seldom  a  problem  because  heterogeneous  reactions  are  generally  far  slower 
than  the  re-evaporation  of  unreacted  specie s.  The  latter  cannot  be  generally  true,  and 
clearly  depends  on  the  specific  chemistry  Involved.  In  any  event,  the  purely  gas-phase 
decomposition  process,  a  special  case  of  the  Type  I  source,  is  perhaps  the  most  difficult  to 
study  under  equilibrium  conditions.  Along  these  lines,  severe  difficulties  in  establishing 
dissociative  equilibrium  in  Knudsen  sources  have  been  reported  for  gaseous  SFg  [25,26],  and 
B2H6  [27], 

Experiences  with  the  attainment  of  chemical  equilibrium  among  the  products  of  gas-solid 
reactions,  i.e. ,  with  the  Type  II  source,  have  been  much  more  favorable.  This  is  in  accord 
with  the  general  kinetic  behavior  of  gas-solid  reactions,  as  exemplified  by  the  quasi¬ 
equilibrium  (QE)  model  [28].  According  to  the  QE  model,  the  rate  limiting  step  is  the  ad¬ 
sorption  and  equilibration  of  the  impinging  gas  molecule  at  the  solid  interface.  Volatile 
reaction  products  are  in  equilibrium  with  the  surface  and  are  emitted  in  equilibrium  pro¬ 
portions,  at  a  rate  governed  by  the  rate  of  adsorption  of  the  incoming  reactive  molecule. 
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The  Q£  Model  appears  to  correlate  the  results  of  several  Metal  oxidation  [28]  and  Metal 
fluorination  [29,30]  studies  at  high  temperatures  and  low  pressures  quite  well.  In  any 
event,  there  is  kinetic  evidence  to  support  the  expectation  that  chemical  equilibrium  can  be 
achieved  with  the  Type  II  source  under  optimum  conditions.  It  Must  be  demonstrated  for  each 
individual  system,  however,  that  equilibrium  is  in  fact  attained. 

4.  Tests  for  the  Attainment  of  Equilibrium 

One  of  the  most  useful  and  definitive  tests  for  equilibrium  can  be  made  by  varying  the 
flow  or  pressure  of  the  reactive  gas  over  a  wide  range  at  constant  temperature  and  noting 
the  effects  on  the  derived  equilibrium  constant,  K  .  As  pressure  is  varied,  composition  of 
the  gas  phase  changes  in  accord  with  the  mass  action  principle,  but  at  equilibrium  the  values 
of  K  derived  from  the  species  abundances  and  the  reaction  stoichiometry  must  be  indepen¬ 
dent  of  overall  changes  in  composition.  This  invariance  of  with  composition  defines  the 
fundamental  condition  of  equilibrium  in  terms  of  the  law  of  Mass  action. 

As  an  example  of  the  mass  action  test,  consider  the  results  of  some  recent  studies  of 
the  Sr-Al-I  gaseous  system  [31],  obtained  by  admitting  HI(g)  to  a  Knudsen  cell  containing  a 
mixture  of  SrO(s),  Al.Oj(s)  and  AIB^U).  The  cell  contained  a  perforated  partition  at  the 
center  to  prevent  molecular  streaming,  but  otherwise  involved  no  special  design  features. 

In  two  measurements  at  1762  K  with  different  HI  flow  rates,  the  observed  parent  ion  abun¬ 
dances  of  Sr+,  Srl+,  A1  and  All  varied  by  factors  of  1.2,  36,  0.87  and  25,  respectively, 
but  the  derived  equilibrium  constants  for  the  gaseous  reaction  Sr  ♦  All  *  Sri  +  A1  were  in 
good  agreement  (0.0376  and  0.0368),  indicating  the  attainment  of  equilibrium.  For  this 
experiment,  the  abundances  of  Sr  and  A1  were  essentially  fixed  by  the  presence  of  the  solid 
phases,  but  the  gaseous  iodides  were  dependent  on  the  HI  flow.  Likewise,  with  similar 
studies  [31]  of  the  gaseous  equilibrium  Ba  ♦  Gal  =  Bal  ♦  Ga,  the  abundances  of  the  parent  ions 
Ba+,  Bal+,  Ga+,  and  Gal+  changed  by  factors  of  0.43,  2.4,  4.4  and  25,  respectively,  by  shift¬ 
ing  the  HI  flow  at  1711  K  but  the  derived  equilibrium  constants  of  0.708  and  0.698  agree 
closely.  The  reader  is  referred  to  the  original  paper  [31]  for  more  details  of  the  measure¬ 
ment.  Another  example  of  the  use  of  the  mass  action  test  is  afforded  by  the  results  of 
studies  of  gaseous  equilibria  in  the  Mo-S-F  system,  generated  by  the  reaction  of  SFg(g)  and 
Mo(s)  in  a  Knudsen  cell  [17].  As  noted  in  the  paper  [17],  a  positive  indication  of  equili¬ 
brium  was  obtained.  On  the  negative  side,  measurements  of  S-F  gaseous  reactions  generated  by 
passing  SFg(g)  through  a  graphite  cell  showed  that  an  order  of  magnitude  change  in  the  SF& 
flow  yielded  apparent  equilibrium  constants  for  the  reaction  SFg  ♦  2S  =  3SF2  that  differed 
by  more  than  a  factor  of  100,  while  concordant  results  were  obtained  for  the  reaction  S  + 

SF2  =  2SF  [26].  The  mass  action  criterion  is  a  sensitive  one,  and  it  should  always  be 
applied  as  a  test  for  equilibrium  in  heterogeneous  reaction  sources,  preferably  by  varying 
the  abundances  of  the  more  pressure  sensitive  species  by  at  least  a  factor  of  ten.  Depar¬ 
tures  from  equilibrium  in  the  double  cell  studies  [14]  of  the  Si-Ge-0  system  would  have  been 
apparent  if  the  mass  action  test  had  been  applied  there. 


A  particularly  revealing  application  of  tfta  mss  action  tast  is  given  in  som  recent 
studies  of  the  heterogeneous  reaction  5/6  MoFg(g)  ♦  1/6  Mo(s)  *  MoFg(g)  carried  out  by 
Knudsen  cell  ms  spectroMtry  [32].  When  MoFg(g)  was  admitted  to  the  Mo  cell  packed  with 
Mo  wire  initially,  the  ion  current  equilibrium  quotient  [I+(MoFg)]/[I+(MoFg)]5^6  at  440  K 
showed  a  substantial  flow  rata  dependence,  seen  in  the  series  1  data  of  table  I.  After 
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vacuum  outgassing  of  the  cell  for  an  hour  at  1300  K  and  5  x  10  ^  Torr,  the  quotient  dropped 
to  a  somewhat  lower  value  but  was  essentially  independent  of  MoFg  flow  rate  within  experi¬ 
mental  error.  Apparently  the  molybdenum  surface  was  initially  covered  with  an  oxide  film, 
and  this  film  severely  limited  the  number  of  surface  sites  available  for  reactive  vaporiza¬ 
tion.  After  vacuum  outgassing,  equilibrium  behavior  was  observed,  probably  as  a  result  of 
the  increase  in  reactive  surface  sites.  This  phenomenon  could  be  reproduced  repeatedly  by 
alternately  exposing  the  molybdenum  surface  to  background  gas  at  about  10  ^  Torr,  and  later 
outgassing  at  1300  K  under  high  vacuum.  The  results  point  out  the  importance  of  considering 
the  "clean"  surface  area  A  when  maximizing  the  ratio  As/A  .  Another  implication  of  these 
results  worth  noting  is  that  the  chemical  rearrangement  and  bond  breaking  step  in  the  MoFg 
♦  Mo  reaction  is  apparently  faster  than  the  surface  accommodation  of  the  impinging  MoFg 
molecule,  even  at  the  relatively  low  temperatures  of  these  experiments.  This  is  contrary 
to  the  assumptions  of  Golden,  et  al.  [23]  regarding  the  relative  importance  of  surface  re¬ 
action  as  opposed  to  re-evaporation,  but  is  in  accord  with  the  quasi-equilibrium  model  of 
surface  reactions. 

One  further  test  that  can  be  useful  in  checking  on  the  attainment  of  equilibrium  in¬ 
volves  the  approach  to  the  equilibrium  position  from  different  chemical  compositions.  This 
is  a  variation  of  the  classical  technique  of  approaching  equilibrium  from  opposite  direc¬ 
tions:  at  equilibrium,  the  rates  of  the  forward  and  reverse  reactions  must  be  equal,  so 
that  the  derived  equilibrium  constants  will  be  independent  of  the  direction  of  approach. 

For  the  high  temperature  reactions  of  interest  here,  the  reagents  and  products  cannot  be 
added  separately,  but  it  is  possible  to  vary  the  beam  source  chemistry  so  as  to  give  defini¬ 
tive  information  about  equilibrium  attainment.  For  example,  in  studies  of  the  gaseous  tung¬ 
sten  fluorides  [12],  the  reactions  WF3  +  WFg  =  2WF^  and  WF^  +  WF2  =  2WF3  were  studied  by 
fluorinating  W(s)  with  both  SFg(g)  and  WFg(g).  Equilibrium  data  obtained  with  the  two 
different  sources  were  in  close  agreement  [12].  A  similar  set  of  data  for  the  Mo-F  system 
[17],  shown  graphically  in  figure  1  provides  evidence  that  the  reactions  of  MoFg(g)  and 
SFg(g)  with  Mo(s)  yield  identical  equilibrium  data  for  reactions  among  the  Mo-F  species. 

In  yet  another  example,  equilibrium  data  for  the  gaseous  reaction  Sm  CoF  =  SmF  +  Ca  were 
found  to  be  independent  of  whether  approached  by  the  reaction  of  CaF^fg)  and  Sm^Ojfs)  in  a 
double  cell  or  by  the  reaction  of  SmF3(s),  CaF2(s),  and  B(s)  in  a  single  cell  [33].  The 
double  cell  data  yielded  an  equilibrium  constant  of  2.60  at  2200  K  for  the  SmF-CaF  exchange 
reaction,  compared  to  a  value  of  2.49  from  the  single  cell.  These  examples  serve  to  show 
that  conclusive  evidence  of  equilibrium  behavior  also  can  be  obtained  by  varying  the  beam 
source  chemistry.  The  extra  time  required  to  make  these  tests  is  more  than  offset  by  the 
added  confidence  that  can  be  attached  to  the  results. 

In  conclusion,  it  goes  without  saying  that  the  attainment  of  equilibrium  in  effusive 
sources  never  should  be  taken  for  granted.  Fortunately  when  tests  such  as  those  described 
above  are  used  routinely  with  gas-solid  reaction  sources,  no  assumptions  need  be  made  about 
the  establishment  of  equilibrium. 


177 


8 

6 

I - i - ! - 

O  0 

- 1 — : 

•  • 

— 

- 

2 

1 

_  M mf  ♦  Mof j  •  2  Mo 

_ 1 _ 1 _ 

. 

a  42  0.4*  0.48 

¥ 

0.62 

¥ 


Figure  1.  Plot  of  equilibrium  constants 
for  gaseous  Mo-F  reactions;  open  circles 
SFg(g)  +  Mo(s);  closed  circles,  MoFg(g) 

+  Mo(s). 
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Discussion 

Question  (Cater):  Do  you  have  a  problem  with  sorting  out  the  fluoride  species  because  of 
dissociation  in  the  ion  source? 

Response  (Hildenbrand):  Not  necessarily,  for  example  in  the  tungsten  case,  they  all  formed 
parent  ions.  In  some  cases  there  is  some  fragmentation.  But  I  think  there  aren't  any 
overriding  cases  where  we  cannot  sort  this  out. 

Question  (Ferron):  Is  there  excess  gas  in  these  reactions,  I  guess  at  the  interface? 

Response  (Hildenbrand):  We  are  talking  about  very  low  pressure  conditions.  There  is  a  free 
molecular  flow  — . 

(Editor's  note):  The  record  of  this  discussion  is  incomplete  but  the  general  concern  was  with 
possible  nonequilibrium  transport  effects,  the  response  was  that  this  was  usually  not  a 
problem. 
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